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The ability to create highly complex components through investment casting of
superalloys is extremely important for producing turbine blades. Often, the sharp corners
in the castings will not fill completely, resulting in unintentionally rounded corner which
must be machined to achieve the final, required dimensions. By better understanding the
interactions between the liquid metal and the mold, the as-cast shape can be improved,
producing higher quality castings.
A 2D, analytical model was developed to predict the ability to fill a V-shaped
channel lined with cylindrical particles. The model was found to accurately predict the
ability to fill a channel based on the contact angle, particle radius, corner angle, and head
height. The predictions from the analytical model were verified using small-scale
experiments and the 3D surface modeling software, Surface Evolver. The head height and
contact angle were found to have the biggest impact on the ability to fill, while the particle
radius has a smaller effect on filling.
Sessile drop experiments with pure nickel droplets on alumina substrates of varying
roughness, similar to those found in industrial investment casting, in flowing argon found
that the measured, or effective, contact angle can be altered by approximately 20° based
on the substrate surface roughness, with surfaces that are more rough having higher
effective contact angles. There is little benefit to decreasing the surface roughness below a

xix
-325 mesh particle size (≤44 μm), but increasing the surface roughness above a -325 mesh
will negatively impact corner filling.
The 2D analytical model was used to design a casting to measure the ability to fill
fine features similar to those in turbine blades as a function of head height, feature size,
and corner half-angle. The casting was produced from MAR M247 using conventional
investment casting processes. The casting shows a dependence of the ability to fill sharp
corners on head height, while the mold and wax pattern do not. This proves that the rounded
corners found in castings can be due to the inability to fill the sharp corners in the mold.

1

1. INTRODUCTION

Investment casting, or lost wax casting, is one of the oldest casting techniques,
having been used to create metallic components since 5000 BC [1]. The process involves
creating a wax pattern of the desired part, encasing, or investing, the wax in a mold material,
then melting the wax pattern to remove it from the mold. This leaves a single-use mold
with cavity of the exact dimensions of the desired part. Investment casting creates
components with high quality surface finishes, excellent dimensional accuracy, and
complex geometries [2]. Despite these benefits, the process of investment casting can be
extremely expensive and time consuming when compared to other casting techniques, due
to the need to manufacture the wax patterns and molds, which are destroyed after a single
use and cannot be reused.
During the Second World War, the demand for high quality parts, specifically
engine parts for aircraft, increased. Investment casting became a popular process for
manufacturing these parts, and the aerospace industry continues to use this method today
[2]. Components for jet engines, specifically the turbine blades, are very complex and
require highly intricate geometries. Many turbine blades have intricate internal structures
for cooling purposes. By passing cooling air through the internal structures, the blade
temperature is lowered, allowing the engines to operate at higher temperatures. The internal
structures often include long, thin walls and small pillars to direct and impinge the flowing
air, as shown in Figure 1.1 [3].

2

Figure 1.1 Typical internal cooling structure of turbine blades. Used with permission from
Taylor & Francis [3]

3
The majority of turbine blades are created through investment casting, with
additional machining needed to achieve the final dimensions. These additional machining
processes are expensive and time consuming, and in the case of single-crystal turbine
blades, can cause recrystallization, ruining the part. By having a better understanding of
the intricacies of the investment casting process, specifically the interactions between the
liquid metal and the mold, investment casting processes can produce a part closer to the
final dimensions, thereby reducing the time and necessity for secondary machining
processes and improving the production process as a whole.
As the features of a casting become smaller and more detailed, they become more
difficult to produce due to issues filling the mold cavities with the liquid metal. The ability
to fill fine features is controlled by the capillary pressure, the pressure difference across a
liquid-vapor interface. A large, positive capillary pressure may prevent the liquid metal
from penetrating into fine features. If the feature does fill, capillary pressure can also
prevent sharp corners from filling completely, resulting in unintentionally rounded corners
[4], [5]. The difference in how well a sharp corner can be filled, based on the applied
pressure, is shown in Figure 1.2 [6]. Features which are not completely filled will require
additional machining to achieve the final dimensions, or can result in the casting being
scraped. By better understanding the factors that affect the filling of molds and improving
the ability for the liquid metal to fill fine features in the mold, the production of quality
castings can be improved.
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(a)

(b)

Figure 1.2 Incomplete filling of a V-shaped channel in a ceramic shell mold with CMSX4, a single-crystal superalloy resulting in rounded cast corners. (a) Incomplete filling at low
hydrostatic pressure (head height of 12 mm). (b) More complete filling at higher head
height (24 mm).
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In this dissertation, both experimental and modeling work will be used to evaluate
the ability to fill fine features with liquid metal, specifically the ability to fill features
similar to those of turbine blade with liquid nickel-based superalloy. An analytical model
has been created and verified to predict the ability to fill as a function of head height,
contact angle, corner angle, and particle size. Sessile drop experiments were performed for
nickel on ceramic substrates to evaluate the effects of surface roughness. Novel test
castings have been designed to evaluate the analytical model and measure the ability to fill
fine features as a function of head height. The results of this work will help improve the
quality of castings by identifying how the casting parameters affect the ability to fill fine
features.

6

2. BACKGROUND

Wetting and Capillarity
The interaction between a liquid and a solid surface is often referred to as the
wetting of the system. The wetting of the system is quantified using the contact angle. The
contact angle, θ, is a measure of the equilibrium forces of the surface energies of the system,
as described by Young’s Equation and shown in Figure 2.1 [7]:
cos 𝜃 =

𝛾𝑆𝑉 − 𝛾𝑆𝐿
𝛾𝐿𝑉

(2.1)

Figure 2.1 Contact angle schematic for a sessile drop experiment. The contact angle is
based on the surface tensions of the system.

There are several methods for measuring the contact angle, including hanging
droplets, substrate immersion, and most commonly, sessile drop measurements [8]. Sessile
drop measurements involve placing a small drop of the liquid on the solid surface and
directly measuring the angle at which the liquid surface departs from the substrate. The
sessile drop method can be used to measure changes in contact angle with time, surface
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orientation, and atmospheric changes. The shape of the liquid droplet can also be used to
simultaneously measure the liquid surface tension through gravitational distortion of the
droplet [9].
Contact angles below 90° are considered to be wetting, while contact angles above
90° are considered to be nonwetting, Figure 2.2. The differences between wetting and
nonwetting systems can be clearly seen when considering the capillarity of a system. In
systems which are wetting, the liquid will be pulled into a small feature, against the force
of gravity, such as blood rising in a glass pipette. A nonwetting system will resist the filling
of a small features. Most liquid metal-ceramic systems are nonwetting, which can lead to
filling issues when casting intricate geometries.

Figure 2.2 Schematic images for a contact angle greater than 90° (nonwetting), contact
angle equal to 90°, and a contact angle less than 90°.

For a curved liquid surface, such as the liquid-vapor interface of a casting, the
pressure difference across that interface is known as the capillary pressure:
1 1
∆𝑃 ≡ 𝑃𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑃𝑣𝑎𝑝𝑜𝑟 = 𝛾𝐿𝑉 ( − )
𝑟1 𝑟2

(2.2)

A negative capillary pressure will result in a concave interface, which will draw the liquid
into a cavity, while a positive capillary pressure will results in a convex interface, which
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will resist being forced into a cavity, Figure 2.3 [10]. The shape of the curved interface is
based on the cavity geometry and the contact angle. The curvature of an interface is
dependent on the capillary pressure, ∆P, and surface tension, γLV, and can be calculated
with the Young-Laplace equation for a surface in zero gravity, with r1 and r2 being the
orthogonal radii of curvature:
∆𝑃 = 𝛾𝐿𝑉 (

1 1
+ )
𝑟1 𝑟2

(2.3)

Figure 2.3 Schematic of the concave liquid surface resulting from a negative capillary
pressure for a wetting system (left) and a convex liquid surface resulting from a positive
capillary pressure for a nonwetting system (right). The negative capillary pressure is
drawing the liquid into the channel, while the positive capillary pressure is restricting the
liquid from entering the channel.
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For simple geometries, there are analytical solutions for the capillarity of a system,
as defined by the Young-Laplace equations. These equations relate the pressure required
to fill a feature to the contact angle, surface tension, and feature geometry. These solutions
assume that the solid surfaces are perfectly flat and that the contact angle is constant. The
solution for right, circular cylinder and a parallel plates are shown in Figure 2.4.

Figure 2.4 Analytical solutions for the Young-Laplace equations for filling of a right
cylinder (spherical liquid surface) and between two parallel plates (cylindrical liquid
surface).
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The minimum width between two parallel plates that a liquid metal with a density
of 8.0 g/cm3 and a surface tension of 1.7 N/m, typical for liquid superalloys, can penetrate
is shown in Figure 2.5 for a range of head heights, the height of the liquid metal above the
point of interest. The pressure applied on the channel by the liquid metal is based on the
head height, h, liquid density, ρ, and gravity constant, g:
∆𝑃 = 𝜌𝑔ℎ

(2.4)

For a typical metal-ceramic contact angle of 120°, increasing the head height from 1 cm to
10 cm will decrease the minimum channel width from 2.4 mm to 0.24 mm. For the same
metal and a head height of 5 cm, changing the contact angle from 100° to 140° will increase
the minimum width from 0.15 mm to 0.75 mm. These examples show the effect the contact
angle and applied pressure can have on the ability to fill fine features.

Figure 2.5 Minimum channel width which can be filled with a liquid metal with a density
of 8.0 g/cm3 and a surface tension of 1.7 N/m for a range of head heights and contact angles.
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Surface Roughness Effects
For a real system, the singular definition of the contact angle is insufficient and two
distinct contact angles must be defined, the true contact angle, θt, and the apparent, or
effective, contact angle, θeff. The true contact angle is the contact angle on a planar, solid
surface as defined by Young’s equation and the surface energies of the system. The true
contact angle remains constant regardless of the geometry of the system or the roughness
of the surface. The effective contact angle is the contact angle which is actually measured
during an experiment. The effective contact angle can be affected by many things, such as
the roughness of the solid surface or an inclination in the experimental setup.
The degree to which a rough surface will affect the effective contact angle is
dependent on the true contact angle. As the contact angle of both wetting and nonwetting
systems approaches 90°, the roughness of the surface has a smaller impact on the effective
contact angle. For wetting systems, true contact angle less than 90°, a rough surface will
result in an effective contact angle that is lower than the true contact angle, while for a
nonwetting system, true contact angle greater than 90°, a rough surface will result in the
effective contact angle being greater than the true contact angle, Figure 2.6 [8]. This is
detrimental for casting metals in ceramic molds, as most liquid metal-ceramic systems are
nonwetting systems.
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Figure 2.6 Roughness effects on the effective contact angle for a nonwetting system (left)
and a wetting system (right). For a nonwetting system, the effective contact angle is larger
than the true contact angle. For a wetting system, the effective contact angle is less that the
true contact angle. Used with permission from Taylor & Francis [6]

Work on the effects of surface roughness on the effective contact angle has shown
that the roughness can alter the measured contact angle by several tens of degrees. One of
the simplest and most common methods for approximating the effects of surface roughness
on the effective contact angle was described by Wenzel et al. [11]. A roughness factor, f,
defined by the ratio of the true surface area over the projected surface area, is used to relate
the true contact angle to the effective contact angle:
cos 𝜃𝑒𝑓𝑓 = 𝑓 cos 𝜃𝑡𝑟𝑢𝑒

(2.5)

For a plane of close-packed spheres, the projected surface area is equal to the area
of a regular hexagon which inscribes a sphere of radius r. The true surface area is equal to
the surface area of the hemisphere plus the area of the hexagon not contained within the
hemisphere. The roughness factor for this geometry is equal to 1.9, Figure 2.7:
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𝑓=

2𝜋𝑟 2 + (2√3𝑟 2 − 𝜋𝑟 2 )
𝑡𝑟𝑢𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
=
= 1.9
𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
2√3𝑟 2

(2.6)

Figure 2.7 Schematic of Wenzel roughness factor for close-packed spheres. The area in
blue plus the area in grey is the true surface area and the area of the hexagon is the projected
surface area.

The Wenzel roughness factor is a dimensionless variable and is based on the
geometry of the surface asperities, but not their size. Nakae et al. performed sessile drop
experiments with a flat layer of spherical, steel balls coated in paraffin wax and water
droplets [12]. Altering the radius of the steel spheres, but not the sphere packing,
demonstrated that the size of the surface asperities does impact the measured contact angle,
suggesting that the Wenzel roughness factor is insufficient for describing the effects of
surface roughness and that both the size and shape of the particles must be considered, as
shown in Figure 2.8.
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Figure 2.8 Experimental results adapted from Nakae et al. [12] indicating the limitations
of Wenzel’s roughness approximation. The experimental results show a dependence on the
size of the spherical particles, while Wenzel’s equation remains constant for all particle
radii.

Reactive Wetting
2.3.1

Introduction
For certain systems, the contact angle will change with time, as the liquid reacts

with the solid substrate. This is of interest when casting nickel-based superalloys, as these
alloys often contain several highly reactive elements, such as hafnium, chromium,
aluminum, and titanium [13]. The contact angle can decrease several tens of degrees over
the course of several tens of minutes, depending on the system [14], [15]. Potential changes
to the process parameters, such as holding the liquid in the mold for an extended period
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before cooling, could allow the contact angle to decrease, improving the filling of fine
features. There is a distinct lack of contact angle data for single-crystal nickel-based
superalloys in the literature, requiring the use of data for older, polycrystalline superalloys
as an approximation.
2.3.2

Reaction Mechanics
The most common explanation for the change in contact angle is the formation of

a secondary solid layer between the liquid and original substrate, due to a reaction between
the liquid and the solid. This new layer of material has a lower surface energy than the
original substrate, reducing the contact angle [16]. As the reaction progresses, the new layer
of solid will replace the previous substrate and the liquid droplet will spread to reach the
new, lower contact angle [17]. Experiments performed by Landry et al., found that the final
contact angle of a reactionary couple is approximately the same as the contact angle for a
non-reactive couple containing the same liquid and a substrate made of the same material
as the reaction layer from the reactive couple. The couples included Cu - 40 at% Si on
vitreous carbon and silicon carbide substrates and Cu - 1 at% Cr on vitreous carbon and
chromium carbide substrates, with silicon carbide and chromium carbide being the reaction
products, respectively. For both the copper-silicon and copper-chromium couples, the final
contact angle for the reactive couple and the nonreactive couple were very similar, with the
reactive couple requiring more time to achieve the final contact angle as the reaction on the
substrate takes place, as seen in Figure 2.9 [18]. The slight difference in final contact angles
can be attributed to a discontinuous reaction layer in the reactive couples, causing a change
in substrate roughness, or the formation of non-stoichiometric compounds during the
reaction. These results indicate that the contact angle is based on the chemistry of the
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system and that a change in chemistry, specifically substrate composition, can lead to a
change in the equilibrium contact angle.

Figure 2.9 (a) Changes in contact angle over time for Cu-40 at% Si on vitreous carbon and
SiC substrates (b) Contact angle changes over time for Cu-1 at% Cr on vitreous carbon and
Cr7C3 substrates. Used with permission from Elsevier [18]
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2.3.3

Reactive Wetting in Nickel Alloys
Much of the original work with reactive wetting of nickel alloys was done with the

purpose of creating ceramic-metal composites for high temperature applications. These
composites were largely comprised of a nickel alloy matrix with ceramic particles or fiber
reinforcements. Researchers intended to find reaction couples which would improve
wetting and increase the bond strength between the matrix and the reinforcement [19].
Additional pressure can be applied to force the liquid metal into a ceramic preform,
although the applied pressure can cause the ceramic to deform or fracture. Therefore, a
reaction which lowers the contact angle would be advantageous as it would allow the liquid
metal to more thoroughly penetrate a preform without damaging the ceramic [20]. This line
of research was largely abandoned due to the development of current generation nickelbased superalloys, as well as the high cost of single-crystal reinforcement fibers available
at the time [15].
The interaction between pure nickel and ceramic substrates appears to be limited,
with little evidence of any reaction occurring between the liquid and the substrate [21], [22].
One of the few reaction layers that has been found liquid for nickel on alumina substrates,
though not always, is nickel oxide, NiO, and nickel spinel, NiAl2O4 [23],[24]. Work done
by Silvain et al. investigated NiAl alloys on alumina substrates and found no measurable
reaction in NiAl/alumina couples and a lower bond strength between the metal and
substrate compared to several NiAl-Ti alloys, reinforcing that there are little to no reactions
between pure nickel and alumina substrates [25].
Much of the work done in this field has been on simple binary and ternary nickel
alloys in order to test the effect of specific alloying elements. Alloying elements in nickel
alloys often decrease the surface energy of the liquid, γLV, lowering the contact angle [26].
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Armstrong et al. performed a series of sessile drop experiments on nickel-titanium and
nickel-chromium alloys in order to determine the effect of alloying content on the
interfacial energy. In both systems, the alloying elements adsorbed to the liquid-solid
interface, with the NiTi alloy transitioning the Al2O3 substrate to Ti2O3. As the solute
concentration increases, the interfacial energy remains fairly constant until a critical
concentration is reached, at which point the interfacial energy significantly decreased, as
seen in Figure 2.10. This critical concentration is related to the concentration required to
form a continuous monolayer of the alloying element near the interface [27]. Based on the
Ellingham diagram, it is not possible for titanium to reduce alumina, indicating that
adsorption is the cause of the Ti2O3 formation. Changes in the concentration of Ti or Cr
should not significantly alter the liquid surface tension, but adsorption of the solute atoms
to the substrate will alter the solid/liquid interfacial energy, changing the contact angle.
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Figure 2.10 Interfacial energy vs Percent alloying content for both chromium and titanium
in nickel on an alumina substrate. Used with permission from Wiley [27]
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One of the most reactive elements found in third generation single-crystal nickelbased superalloys is hafnium. Multiple studies have found that hafnium will react with
alumina substrates and form a layer of hafnium oxide[28]–[30]. Hafnium oxide is more
thermodynamically stable than alumina, see Table 2.1, and the hafnium will strip the
oxygen from the alumina substrate, releasing the liquid aluminum back into the melt,
Equation 2.7 [31]:
3𝐻𝑓(𝑙) + 2𝐴𝑙2 𝑂3 (𝑠) ↔ 3𝐻𝑓𝑂2 (𝑠) + 4𝐴𝑙(𝑙)

(2.7)

The same reactivity of hafnium in nickle-based superalloys was shown to be true
with many of the common oxides, specifically silica, zirconia, alumina, and chromium
oxide, see Table 2.1 [29]. Similar to the experiments done by Armstrong et al. [27], Sutton
et al. found a decrease in the final contact angle with an increasing concentration of the
reactive alloying element until a critical concentration is reached, see Figure 2.11. By
increasing the hafnium content in the alloy, a more continuous reaction layer of HfO2 will
be created on the original substrate. The critical alloying concentration and final contact
angle correlate to the amount of the alloying element to form a continuous reaction layer
[28].
Table 2.1 Gibbs Free Energy for oxidation reactions. Used with permission from Trans
Tech [29]
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Figure 2.11 Contact angle vs Time for MAR M200 with various amounts of hafnium
added. Adding additional hafnium decreases the contact angle until a critical concentration
is reached. Used with permission of The Minerals, Metals & Materials Society [28].
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While the formation of the reaction layer can be beneficial to the casting by
decreasing the contact angle, poor adherence to the substrate could create complications.
If the reaction layer adheres to the surface of the casting, it will need to be mechanically
removed, increasing cost and difficulty of casting complex geometries. For a single-crystal
casting, a reaction product can become entrained in the melt and act as a nucleation site for
unwanted grains, rendering the casting unusable, as shown by Valenza et al. [31].
Some of the only wetting data for nickel-based superalloys was found by performing a
series of sessile drop experiments with several conventional (equiaxed-grain) superalloys
on different ceramic substrates under a vacuum pressure of 10-6 torr [14]. The superalloys
tested included WASPALOY, UD520, and UD 718, none of which contain hafnium [13].
All but one of the couples were found to have a contact angle which decreased over time,
with some of the couples passing below 90° and becoming wetting liquids, see Figure 2.12.
An oxide layer of Al2O3 was found on several of the samples, most likely due to oxidation
of aluminum in the liquid metal by any oxygen remaining in the furnace, although they do
not appear to have been thick enough to affect the wetting of the liquid.
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Figure 2.12 Contact angle vs time for three superalloys on alumina and zirconia substrates.
The contact angle was found to decrease over time for each of the superalloys, with some
becoming a wetting system. Used with permission from Springer [14]
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2.12 Continued

There is no data in the publically available literature detailing the time-dependent
wetting behavior of single-crystal superalloys. Based on work with older, polycrystalline
superalloys, it is expected that the highly reactive elements found in superalloys, such as
hafnium, aluminum, titanium, and chromium, will react with an oxide ceramic mold over
time and alter the contact angle. As the single-crystal superalloys remain liquid and in
contact with the mold wall for up to an hour during casting, understanding these reactions
between the melt and the mold are extremely important for understanding the ability to fill
fine features in a mold.
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3. CORNER FILLING MODEL

2D Analytical Model
3.1.1

Introduction
For a V-shaped channel of half-angle, α, with perfectly flat walls, Figure 3.1, there

is a critical contact angle at which the channel will fill completely under zero applied
pressure, based on the geometry of the corner [32], [33]:
𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 𝛼 + 90°

(3.1)

At the critical contact angle, the liquid-vapor interface will be flat, with the pressure
difference across the interface being zero. For contact angles above the critical angle, the
interface will be convex, with the pressure difference restricting the ability of the liquid to
penetrate all the way into the corner. For contact angles below the critical angle, the
interface will be concave, with the pressure difference drawing the liquid all the way into
the corner, Figure 3.1.

Figure 3.1 Critical contact angle for penetration into a smooth-walled corner. For contact
angles less than the critical contact angle, the corner will fill and for contact angles greater
than the critical contact angle, the corner will not fill. Used with permission from Taylor
& Francis [6]
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Wider corners, a larger corner angle, are expected to fill more completely for the
same contact angle and applied pressure, Figure 3.2. The radius of curvature between
corners of different half angles will be equal, as the liquid will fill to the point in the
channels that are the same width. The distance from the liquid surface to the corner, HL,
can be calculated using the Young-Laplace solution for parallel plates and the corner angle,
the results are shown in Figure 3.3.

Figure 3.2 Schematic of the filling of a sharp corner. The depth to which the corner is filled
is quantified with the distance HL. This distance is dependent on the contact angle, head
height (applied pressure), and corner angle, α.
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Figure 3.3 The distance from the liquid radius to the true corner as a function of contact
angle. Three corner angles (α) are plotted. Each line is for a head height of 10 cm of liquid
having a density of 7.8 g/cm3. Corners that are wider, larger corner angle, will fill more
completely, smaller HL.

For a 90° corner, the critical contact angle is 135°. Despite this critical contact angle
being higher than most reported metal-ceramic contact angles [34], sharp corners in actual
castings fail to fill completely. This suggests that the assumption of a perfectly flat wall is
unsuitable and that other factors, specifically surface roughness, must be considered when
predicting the filling of fine features.
3.1.2

Model Description
An analytical model has been created to better understand the filling of a rough

channel with a nonwetting liquid. The model consists of a 2D, V-shaped sharp corner with
rough walls. The walls are modelled as close-packed cylinders of a constant radius. The
channel is mirrored across the vertical axis, with each row of cylinders being level with the
opposite row. A schematic of the model is shown in Figure 3.4. The liquid interface is
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placed on a row of cylinders, the location on the cylinder dependent on the true contact
angle. As the applied pressure is increased, the liquid penetrates the channel, moving the
triple point around the edge of the cylinder in order to maintain the true contact angle. The
liquid interface will bulge into the channel, approaching the next layer of cylinders. When
the liquid interface touches the next layer of cylinders, the liquid will jump to that layer
and assume the shape needed to maintain the true contact angle on the new row of particles,
Figure 3.5. This will continue until the applied pressure is no longer sufficient to force the
liquid deeper into the channel. The depth to which the channel is filled will be measured
with two variables, the distance from the center of the liquid surface to the true corner (HL)
and the radius of curvature of the liquid surface (RL). Minimizing both of these variables
will result in a corner which has been filled more completely.

Figure 3.4 Schematic of the 2D analytical model. The model will measure the Radius of
Curvature (RL) and Height from the Corner (HL). Used with permission from Taylor &
Francis [6]
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Figure 3.5 Movement of the liquid surface in the 2D model. (a) The liquid interface at the
initial position. (b) Adding pressure forces the liquid around the first row of particles. (c)
The liquid interface touches the next row of particles at the circled locations. (d) The liquid
interface jumps to the equilibrium position on the second row of particle. Used with
permission from Taylor & Francis [6]

Based on the Young-Laplace solution for two parallel, flat plates, Figure 2.4(b),
this model assumes that at specific height and width in the channel, the hydrostatic pressure
(ΔP) required to fill the channel to that height can be calculated by approximating the
channel as two parallel, flat walls separated by the same width. Using the geometry of the
V-shaped channel, an equation was developed to calculate the Radius of Curvature of the
liquid surface. The equation is based on both contact angles (𝜃𝑡 and 𝜃𝑒𝑓𝑓 ), the surface
tension of the liquid (𝛾𝐿𝑉 ), the half-angle of the mold (α), and the applied hydrostatic
pressure (ΔP):
−𝛾𝐿𝑉
)
∆𝑃 cos(𝜃𝑡
𝑅𝐿 =
sin(𝜃𝑒𝑓𝑓 − 𝛼 − 90°)

(3.2)

30
The true contact angle is defined for the system, but the effective contact angle must
be calculated. The effective contact angle is calculated based on the true contact angle, the
half-angle of the mold, and the angle at which the liquid surface contacts the mold wall
particle (Φ), as shown in Figure 3.6:
𝜃𝑒𝑓𝑓 = 𝜃𝑡 − 90° + 𝛼 + Φ

(3.3)

The model begins with the liquid surface at the bottom of the channel, and is
withdrawn until the applied pressure is less than or equal to the required pressure. This
configuration allows the total height of the channel to remain undefined and thus as tall as
is required to find the equilibrium position. Using the width of the channel and the YoungLaplace solution for parallel plates, the hydrostatic pressure required to fill to that depth
and the Radius of Curvature is calculated for the specified height. The required pressure
for that height is then compared to the applied hydrostatic pressure. If the required pressure
is larger than the applied pressure, the liquid will retreat up the channel, moving around
the particle in order to maintain the true contact angle. The required pressure is recalculated
and again compared to the applied pressure. At each step, the position of the liquid interface
is compared to the position of the row of cylinders above. If the liquid interface touches
the next row of cylinders, the liquid surface will jump up to the next row of cylinders. This
motion of the liquid surface will continue until the required pressure is equal to or less than
the applied pressure. At this point, the liquid surface will be checked to ensure it is not in
contact with the row above, at which point the liquid is considered to be in the final,
equilibrium position.
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Figure 3.6 (a) Schematic of one half of the 2D analytical model (b) Schematic for an
individual particle in the 2D model. Used with permission from Taylor & Francis [6]

3.1.3

Model Results
The analytical model was used to evaluate the effects of contact angle, particle

radius, applied pressure, and corner geometry on the ability to fill a corner. CMSX-4 was
chosen for this model, as it is a common single-crystal nickel superalloy used in turbine
applications. The range of head heights, particle sizes, contact angles, and applied pressures
were chosen to allow the model to be experimentally validated. These simulations use a
particle radius of 20 μm, a half-angle of 45° (90° corner), and head height of 1 cm. The
contact angle of CMSX-4 on oxide ceramic substrates is not publically available in the
literature, so a contact angle of 115° was selected, based on the available data for contact

32
angle measurements of other nickel-based superalloys on ceramic substrates. These
parameter values are in the range possible for validation experiments. For CMSX-4, the
density at 1425 °C is 7800 kg/m3 and the surface tension is 1.7 N/m [35]. From these base
parameters, each of the individual parameters was varied in the model, keeping the other
parameters constant.
3.1.3.1 Contact Angle
Contact angles between 95° and 175° were investigated. Decreasing the contact
angle decreases both the Height from the Corner and the Radius of Curvature, predicting
the channel will fill more completely. RL and HL approach zero as the contact angle
approaches 90°, where the system would become wetting and the V-shaped channel will
fill regardless of half-angle. RL and HL approach an asymptote as the contact angle
approaches 180°, where the pressure difference across the liquid surface reaches a
maximum, Figure 3.7.
3.1.3.2 Head Height
The head height, which translates into the applied pressure, was varied from 0.1 cm
to 20 cm. This covers the range from small-scale experiments to industrial casting
processes. As expected, increasing the applied pressure decreases both R L and HL, filling
the corner more effectively. At higher levels of applied pressure, there is a stepwise
function which corresponds to the liquid surface jumping between the rows of particles.
Because the required pressure increases exponentially as the liquid penetrates deeper in the
channel, the liquid surface will be hung up on a single row of particles for a larger range
of head heights, Figure 3.8.
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3.1.3.3 Half-Angle
The half-angle was varied between 20° and 70°, which corresponds to corner angles
of 40° and 140°. Increasing the half-angle will decrease the Height from the Corner, but
will increase the Radius of Curvature. As the channel becomes wider at a given height, the
required pressure will decrease, allowing the liquid to penetrate deeper into the channel
and reducing the Height from the Corner of the mold. Increasing the channel width also
increases the width of the liquid surface, decreasing the Radius of Curvature, Figure 3.9.
3.1.3.4 Particle Size
The particle radius was investigated from 1 to 100 μm, covering powders based on
mesh sizes up to approximately -140 mesh. The results are not monotonic, but do show an
overall increase in both the Height from the Corner and the Radius of Curvature with
increasing particle size. RL and HL fluctuate with increasing amplitude with increasing
particle size, Figure 3.10. Altering the particle size will change where the particles touch,
changing the width of the channel at a given height. This fluctuation could help explain the
non-monotonic behavior seen while altering the particle radius. The change in RL and HL
while altering the particle size is smaller than while altering the other parameters. This
suggests that while surface roughness is important when attempting to model the filling of
sharp corners, the particle size has less of an impact than the contact angle, head height, or
half-angle.
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Figure 3.7 Contact angle dependence on the ability to fill a V-shaped channel. Decreasing
the contact angle will decrease both HL and RL. Used with permission from Taylor &
Francis [6]

Figure 3.8 Head height dependence on the ability to fill a V-shaped channel. Increasing the
head height will decrease both HL and RL. Used with permission from Taylor & Francis
[6]
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Figure 3.9 Half-angle dependence on the ability to fill a V-shaped channel. Decreasing the
half-angle will decrease RL and increase HL. Used with permission from Taylor & Francis
[6]

Figure 3.10 Particle radius dependence on the ability to fill a V-shaped channel. Decreasing
the contact angle will decrease both HL and RL. Used with permission from Taylor &
Francis [6]
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3.1.4

Experimental Validation
In order to ensure that the model accurately describes the filling behavior in a sharp

channel, small-scale validation experiments were performed. Wax patterns were created
from commercially available carving wax cylinders. The initial cylinders were
approximately 3.3 cm in diameter and 3 cm in height. The top and bottom were surface
ground flat and parallel to ensure they are flat and level. The top surface was then machined
to leave two V-shaped peaks which have 90° corners and are 2.27 mm tall, Figure 3.11.
These wax patterns were then used to create ceramic substrates with V-shaped channels.
Using techniques similar to those found in conventional investment casting, the substrates
were built of successive layers of a zircon-based slurry and stucco backing. The first two
layers used a -325 mesh (≤44 μm) stucco and the final 3 layers used a 90-180 mesh (16580 μm) stucco. The final substrates are approximately 5 mm thick. The substrates were
allowed to dry for 24 hours, the wax patterns melting out of the channels, and the substrates
were fired at 1500 °C for 2 hours in air.

Figure 3.11 Wax pattern used to create ceramic substrates with V-shaped channels. Used
with permission from Taylor & Francis [6]
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CMSX-4 was chosen for these experiments as it is a common single-crystal
superalloy used in turbine blades. The metal was cut into cubes approximately 1 cm3 and
surface ground to remove any oxide. The cubes were stacked inside alumina tubes placed
above the ceramic channels to allow the head height to be altered.
The penetration experiments were performed in a high temperature vacuum furnace.
The furnace has cylindrical, tungsten heating elements resulting in a hot zone 2 inches in
diameter and 4 inches tall. The furnace was evacuated to approximately 0.33 Pa (2.5 mtorr)
vacuum pressure, using a turbo pump backed by a roughing pump. The samples were
heated to 1000 °C at a rate of 50 °C/min, then heated to 1425 °C (50 °C above Tliq of
CMSX-4) at a rate of 10 °C/min, using a S-type thermocouple. The samples were held at
temperature for 15 minutes, before being furnace cooled. The samples were removed from
the furnace, the alumina tubes removed, and the castings and substrates were mounted in
epoxy and cross sectioned, Figures 3.12 and 3.13.
The Radius of Curvature (RL) and Height from the Corner (HL) were measured for
each cross section. ImageJ ™ was used to adjust the brightness and contrast of the images.
The Radius of Curvature was measured by fitting a circle to the profile of the corner and
the Height from the Corner was measured as the distance from the “perfect corner” to the
apex of the corner radius, Figure 3.14.
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Figure 3.12 CMSX-4 castings after being removed from the furnace. Shown are two head
heights, 24 mm and 12 mm, respectively. Used with permission from Taylor & Francis [6]

Figure 3.13 CMSX-4 casting and V-shaped mold mounted in epoxy, cross sectioned, and
polished. Internal shrinkage porosity can be seen on the left side of the casting.
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RL

HL

Figure 3.14 Measurement technique for RL and HL for a CMSX-4 casting filling a V-shaped
channel. A circle is fit to the corner to measure RL and a straight line in used to measure
HL.

The Radius of Curvature and Height from the Corner were both seen to decrease
with increasing head height, as predicted by the analytical model. The sample with the
largest head height follows the trend of decreasing Radius of Curvature, but has a higher
Height from the Corner. Based on the cross-sections and the continuation of the trend
towards decreasing Radius of Curvature, it is possible that the solidified metal became
dislodged during mounting, allowing the epoxy to lift the sample out of the channel,
artificially increasing the Height from the Corner, Figure 3.15. The cross sections of the
corners are shown in Figure 3.16. The castings can be seen to incompletely fill the sharp
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corners of the ceramic substrates. Air bubbles, appearing as black dots, can be seen trapped
in the epoxy between the castings and the substrates. Shrinkage porosity can be seen in
Figure 3.16 (a) and (b)

Figure 3.15 (a) Radius of Curvature vs head height and (b) Height from the Corner vs head
height for CMSX-4 casting on zircon substrate.
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Figure 3.16 Cross sections of CMSX-4 penetrating into a V-shaped channel for different
head heights (a) 5.7 mm, (b) 7.0 mm, (c) 7.6 mm, (d) 11.5 mm, and (e) 24.2 mm. Used
with permission from Taylor & Francis [6]
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3.1.5

Comparison between Model and Experiments
Using the material parameters for CMSX-4 and the measured head heights, the

analytical model was used to predict the filling of the V-shaped channels. The analytical
model uses 20 μm particle radius, an approximation for -325 mesh (≤44 μm) particles, 115°
contact angle, and a 45° half-angle. The analytical model predicts a similar curve to the
experiments for both the Radius of Curvature and the Height from the Corner, although the
model predicts the liquid will penetrate the channel deeper than is seen in the experiments,
Figure 3.17. This is to be expected, as the model represents the “perfect” corner. Any
deviations from the “perfect” corner will limit the ability to fill the corner to the same
extent. The Height from the Corner measurement for 24.2 mm head height is higher than
the previous measurement and does not follow the trend with increasing head height. Upon
examination, it appears that during mounting, epoxy got between the mold and casting,
inflating the measurement, Figure 3.16 (e). As the Radius of Curvature measurement for
24.2 mm does not show this deviation, the Height from the Corner measurement can be
considered an outlier.
There are several differences between the analytical model and the experiments.
The analytical model is the prediction of the liquid surface, while the experiments are
limited to measuring the final, solid profile. Shrinkage during solidification could have
caused the metal to retreat from the corner, impacting the experiments results. It is also
possible that during the experiments, the liquid metal was unable to completely fill the
corner before and oxide skin formed, limiting the further movement of the liquid. Nickelbased superalloys, including CMSX-4, contain several highly reactive elements, such as
aluminum, titanium, chromium, and hafnium. The substrates after the experiments were
green near the metal, suggesting that chromium reacted with the substrate and could have
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formed an oxide skin on the liquid metal as well. Despite these differences, the comparison
between the analytical model and the experiments suggests that the model is accurately
describing the filling phenomena of a non-wetting liquid in a rough channel.

Figure 3.17 Comparison between experimental results and the 2D analytical model for a
range of head heights (a) Radius of Curvature results (b) Height from the Corner results.
Used with permission from Taylor & Francis [6]
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3.1.6

Analytical Model Limitations

There are several limitations to the analytical model. The model uses monosize, circular
cylinders for the particles, which are mirrored across the vertical axis. The physical
substrates are made of particles with a range of shapes and sizes. This variation in the
particles could cause the local effective contact angle to vary and cause the liquid profile
across the channel to no longer be circular and mirrored across the vertical axis. One of the
more important distinctions between the model and the experiments is the contact angle.
The model uses a constant contact angle of 115°, which must be assumed as there is no
data in the literature on the contact angle of CMSX-4, or any single-crystal superalloy. The
assumption is based on the time-dependent wetting behavior of conventional superalloys.
Due to the high uncertainty in the contact angle, the analytical model was run again using
110° and 120° to determine how sensitive the model is to changes in contact angle. The
Height from the Corner appears to be more sensitive to contact angle than the Radius of
Curvature, Figure 3.18.

Figure 3.18 Comparison between experimental results and the 2D analytical model
showing the model results for 110°, 115°, and 120°.
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The model does not account for the amount of time the liquid metal is in contact
with the mold wall. As seen in the time-dependent wetting data for conventional
superalloys, the contact angle can decrease by several tens of degrees over the course of
several minutes, while remaining nonwetting. This could also be true in single-crystal
superalloys, due to some of the more highly reactive elements they contain.

Dynamic Pressure
The analytical model uses the assumption that the applied pressure is a fixed value.
This is true during a sessile drop experiment and after a mold has been filled, but is not
true while the mold is being filled. As the liquid metal is poured into an industrial sized
mold, the moving metal will have momentum and the pressure associated with the liquid
metal impacting the mold walls could be higher that the final, static applied pressure.
Pressure surges on specific locations of the mold could lead to higher localized applied
pressures, resulting in uneven and unpredictable filling behavior.
The commercial casting simulation software MAGMASOFT™ was used to test the
dynamic pressure on the mold wall during mold filling. A simple casting, similar in size to
a turbine blade casting, was designed. The casting is a simple, vertical cylinder 3 inches in
diameter which fills from the bottom with two inlets, one level with the bottom of the mold
and the second 2 inches above the first inlet, both facing the opposite wall. Halfway up the
wall of the cylinder is a cylindrical channel 1 inch in diameter. The radius of the channel
is large enough that it will fill completely. This design allowed the evaluation of the
pressure directly opposite of an inlet and the pressure associated with the liquid impact at
the end of a long channel. A schematic of the casting is shown in Figure 3.19, with the two
red dots indicating the location pressure data is taken.
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Figure 3.19 Schematic of MAGMA casting intended to measure the dynamic pressure
associated with filling. The two red dots indicate the locations where the pressure data was
measured.

Using the internal MAGMA data for an alumina mold and IN 718, a common
superalloy with properties similar to CMSX-4, the pressure was evaluated at the two
specified locations. It was found that there is an initial surge in pressure across from the
inlets, but that the peak of this pressure surge was far less than the static pressure at that
location after filling was complete. There was no surge in pressure seen at the end of the
long channel, Figure 3.20. These results confirm that, while the pressure in the mold
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changes and surges during filling, the pressure when filling is complete is greater than any
pressure surges and the assumption of a single, static pressure value is valid.

Figure 3.20 Pressure vs time for filling the casting. There is a surge in pressure in the side
wall of the casting opposite the inlet at the beginning of filling, but it is less than the final
pressure. The channel does not show a pressure surge.

3D Model – Surface Evolver
3.3.1

Introduction
While the analytical model appears to predict similar trends to those seen in the

experiments, it is limited to a 2D configuration, as there is not a simple solution for 3D
particles. If the 2D model is expanded into 3D by elongating the channel in the z-axis, the
particles which make up the mold wall are not spheres, but cylinders. This geometry does
not account for both radii of curvature in the liquid surface found in an actual mold surface
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with 3D curvature. The curvature of a liquid surface is defined with 2 perpendicular radii
(r1 and r2) and is dependent on the applied pressure (∆P), the surface tension (𝛾𝐿𝑉 ), and the
contact angle (θ), as show in the Equation 3.5 and Figure 3.21:
1 1
∆𝑃 = −𝛾𝐿𝑉 ( + ) cos 𝜃
𝑟1 𝑟2

(3.5)

For the 2D analytical model, r2 is equal to infinity, reducing Equation 3.5 to the
following:
∆𝑃 =

−𝛾𝐿𝑉 cos 𝜃
𝑟1

(3.6)

In order to quantify the effect of the second liquid radii of curvature near the mold
wall on the required pressure to fill a channel, a 3D model with spherical particles must be
used. Near the center of the V-shaped channel, the curvature of the liquid interface can be
approximated as Equation 3.6, but for a liquid interface closer to the mold wall, the second
radius of curvature is no longer infinity and Equation 3.5 must be used. With a mold wall
made from spherical particles, the liquid can penetrate between the particles, as seen in
Figure 3.21. The extent to which the interstices of the mold wall are filled with the liquid
is dependent on the contact angle and the applied pressure. Hilden et al. used the surface
minimization program, Surface Evolver to determine if the applied pressure is large enough
to penetrate between the close-packed particles [36]. For the purposes of this work, it is
assumed that the liquid cannot completely penetrate between the particles and can only
wrap around the particles enough to generate a 3D liquid surface. The degree to which this
penetration between particles will affect, either positively or negatively, the ability for the
liquid to penetrate deeper into the channel is unknown.
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Figure 3.21 Radii of curvature for a 2D liquid interface with R2=∞ and the radii of curvature
for a 3D liquid interface with R2≠∞

3.3.2

Model Description
Surface Evolver was chosen for the ability to model a range of surface geometries

in 3D. Surface Evolver is a shareware program written by Prof Ken Brakke [37]. Surface
Evolver is designed to minimize surface area and optimize a liquid surface based on the
surface energies prescribed to the liquid and solid surfaces. Using the user-defined liquid
and solid surfaces, which are created by designating the vertices, edges, facets, and bodies
of the surfaces within the system, Surface Evolver calculates the surface area. The surface
is then iterated, with Surface Evolver adjusting the position of each free vertex in order to
minimize the area of the adjacent triangular facet. The iterations continue until the change
in surface area is less than a specified amount, at which time the surface is considered to
be minimized. Previous work by Hilden et al. used Surface Evolver to measure the pressure
required for a liquid to penetrate into a right cylinder lined with spherical particles,
providing an excellent basis for this work [38].
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Surface Evolver is limited in that once the liquid surface is defined to be in contact
with a solid surface, it cannot be redefined to be in contact with a different solid surface.
As such, Surface Evolver cannot perform the same jumping motion from one row of
particles to the next as the 2D analytical model, making it difficult to directly compare the
results of the analytical model to the Surface Evolver results.
The 2D analytical model can be compared the Surface evolver by using two rows
of cylindrical or spherical particles and investigating the pressure required to force the
liquid around the first row of particles and touch the second row. The 2D model can be
approximated in 3D by extending the 2D circular particles into 3D, resulting in a V-shaped
channel of close-packed, parallel cylinders. These stacked cylinders can then be compared
to a V-shaped channel made from spherical particles, in order to evaluate the effects of the
second radii of curvature in the liquid surface near the particle (mold) wall.
Three geometries were created within Surface Evolver, stacked cylinders, squarepacked spheres, and close-packed spheres, as shown in Figure 3.22. The two sphere
geometries cover the range of dense, regularly packed spheres, with close-packed spheres
packing with approximately 74% efficiency and square packing at approximately 54%
efficiency. All three geometries are created from two rows of particles, which are mirrored
in the y- and z-axis, the smallest possible repeat unit. Surface Evolver will begin by
optimizing the liquid surface for the given contact angle, surface tension, and initial liquid
volume. The liquid volume and the shape of the liquid surface is then used to calculate the
pressure on the liquid interface. Once the liquid surface has been optimized, the liquid
volume is increased, moving the liquid surface around the front row of particles, closer to
the second row of particles, Figure 3.23. The liquid surface is optimized again and the

51
pressure on the interface determined. This process is repeated until the liquid surface
touches the second row of particles, where the final pressure needed to force the liquid
interface from one row of particles to the next is calculated.
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(a)

(b)

(c)
Figure 3.22 Surface Evolvers models with the solid surfaces being red and the liquid
surface being blue (a) Stacked cylinder (b) Square-packed spheres (c) Close-packed
spheres. Each of these geometries is mirrored in the z-axis.

53

(a)

(b)

(c)

(d)
Figure 3.23 Movement of the liquid interface from one row of close-packed spheres to the
next. The second radii of curvature wraps around and remains in contact with the first row
of particles.
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3.3.3

Validation of Surface Evolver
In order to determine if Surface Evolver is accurately predicting the required

pressure, the stacked cylinder model can be compared to the available analytical solution
for the pressure required to force liquid between two parallel fibers, shown in Figure 3.24.
The geometrical parameters from the Surface Evolver model can be used in the analytical
model. Because the surfaces used in Surface Evolver are made of a triangular mesh, the
particles of the mold wall are not perfectly round, which will affect the contact angle at
each vertex. Previous work with Surface Evolver has suggested that the actual contact
angle at each vertex will be within ± 3° of the assigned contact angle [39]. Using ± 3° as
the upper and lower limit and contact angles ranging from 100-140°, the parallel fiber
solution for the Young-Laplace equation was compared to Surface Evolver.
There is good agreement between Surface Evolver and the analytical parallel fiber
solution. The results from Surface Evolver fall between the upper and lower limits of the
model for the entire range of contact angles considered, Figure 3.25. This shows that
Surface Evolver is adequate to model the filling of a channel consisting of rough, spherical
particles.
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Figure 3.24 Schematic and equation for the analytical solution of the Young-Laplace
equation for penetration of a liquid between parallel fibers.

Figure 3.25 Contact angle vs pressure for comparing Surface Evolver to the analytical
solution for parallel fibers. The analytical solution uses ± 3° to account for error associated
with Surface Evolver.
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3.3.4

Surface Evolver Results
The three V-shaped channel geometries created for Surface Evolver were tested

using contact angles between 100° and 145°. Early simulations using a large channel widthto-particle radius ratio of 100:1 or greater were found to create scaling issues within
Surface Evolver. The mesh of the liquid surface was found to be unstable at this size, either
too large and was unable to converge, or too small and unable to effectively find the optimal
surface. As such, a very small channel width-to-particle radius, 10:1, must be used for these
Surface Evolver models. For these models, the corner half-angle, α, remained constant at
45°. The results of these models are shown in Figure 3.26.
The stacked-cylinder and square-packed sphere models follow very similar curves,
especially at lower contact angles. As the contact angle increases, the cylinder model
requires more pressure to penetrate than the square packed sphere model. Both the stackedcylinder and square-packed sphere models require more pressure than the close-packed
sphere model at all contact angles.
These results indicates that, at lower contact angles, the distance the liquid has to
travel between the rows of particles has a larger impact on the required pressure than the
second radius of curvature in the liquid-solid interface. As the liquid interface moves
around the first row of particles, it must move the same distance for the stacked-cylinder
and square-packed sphere model, and must travel a shorter distance for the close-packed
sphere model, thus requiring less pressure for the close-packed model. As the contact angle
increases, the second radii of curvature in the liquid-solid surface near the particle wall
becomes more important to the required pressure, but does not overcome the impact of the
distance for the liquid to travel between the two rows of particles.
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While the two spherical particle models predict that less pressure is required than
the stacked cylinder model, which is an extension of the 2D analytical model, the difference
is not large, with the stacked-cylinders and square-packed spheres being almost equal for
lower contact angles. Comparing the stacked cylinders and the close-packed spheres, it was
shown that the 2D analytical model is over predicting the pressure required to fill a Vshaped channel. The packing of the spherical particles was shown to play a large role in
the pressure required to fill a channel. A real mold wall would be expected to have a
packing factor between close-packed and square-packed, as the face coat of particles will
completely cover the wax pattern, but will not have perfect packing. As with the 2D model,
it must be noted that these results are for a “perfect” mold, with spherical particles of equal
radii. For an actual mold wall, the particles will not be spherical or be of a constant radius,
limiting the ability to fill the channel.
These results indicate that the 2D model can adequately predict the filling of a 3D
V-shaped channel. The 2D model will over predict the pressure required to fill a 3D channel,
but not to the extent that it will invalidate the results, due to the uncertainty in the model
inputs, such as contact angle and surface tension of the liquid, both of which are expected
to change over time.
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Figure 3.26 Contact angle vs pressure for the results of the Surface Evolver models.

Conclusions
Based on the results from the validation experiments and the Surface Evolver model
results, the analytical model can accurately predict the filling of a rough-walled, 2D
channels. Decreasing the contact angle will improve the ability to fill fine features. Altering
the contact angle can be a challenge, as it will require changing the chemistry of the mold
face coat, since the chemistry of the superalloy cannot be significantly altered from
specifications. There is potential work in identifying ceramic-superalloy systems with a
lower true contact angle or functionalizing the face coat to encourage beneficial reactions
between the mold and the liquid metal. Applying additional pressure in the form of added
metal to the head or pressurizing the chamber with an inert gas will improve the ability to
fill a sharp corner, but puts added pressure on the mold wall and can cause distortion of the
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mold, altering the casting dimensions. While additional applied pressure is the most
efficient method to improve filling, it can be quite expensive to implement. Any additional
metal added for the purpose of pressure will need to be scrapped or recycled, increasing
costs. Corners that are more sharp, a lower corner half-angle α, are more difficult to fill.
The roughness of the mold surface does impact the ability to fill a sharp corner. The
analytical model predicts that a surface that is less rough will fill more completely, but
altering the surface roughness has a smaller impact on the ability to fill a channel than the
other variables tested. This suggests that while surface roughness must be taken into
account when predicting mold filling, altering the surface roughness does not play a large
role in the ability to fill a sharp corner.
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4. CONTACT ANGLE MEASUREMENTS

Introduction
The analytical model and the Surface Evolver model described in Chapter 3 use an
estimate of the contact angle of third generation single-crystal, nickel-based superalloys,
as there is no publically available data on the contact angles of these alloys. The contact
angle is extremely important to the ability to quantify the wetting behavior of a casting
system. By directly measuring the contact angle and the change in contact angle over time
using sessile drop experiments, more accurate information can be provided to the models,
improving the model predictions and improving the casting process overall.
Sessile drop experiments are among the most common methods for measuring
contact angles. Sessile drop tests can also be used to measure the liquid surface tension and
the work of adhesion of a system based on the measured contact angle. Typical sessile drop
experiments involve a roughly 1 mL drop of liquid placed on a flat surface. Pictures can
then be taken from the side and top views to capture the droplet shape. The angle for the
substrate through the liquid to a line tangent to the liquid-vapor surface at the substrate, the
contact angle, θ in Figure 2.1, can then be measured. Commonly, the contact angle is
measured on both sides of the droplet and is averaged to correct for any tilt in the solid
surface. By imaging over time, the time-dependence of the contact angle can be measured.
Controlling the oxidation of the metal droplets is of extreme importance, as
excessive oxidation can influence the sessile drop data. The formation of an oxide “sack”
on the exterior of the droplet will restrict the ability of the droplet to reach the equilibrium
shape. Many nickel-based superalloys, including CMSX-4 and CM 186, contain very
reactive elements such as titanium, chromium, and hafnium, which are prone to oxidation
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[13]. The oxidation properties of several common elements found in superalloys are shown
in the Ellingham diagram in Figure 4.1 [40]–[42]. Because of the highly reactive elements
found in superalloys, controlling the partial pressure of oxygen in the testing furnace is
extremely important, with both high vacuum and inert gases being used in previous
experiments.

Figure 4.1 Ellingham diagram for select oxides. Hafnium and zirconium curves generated
from data provided by University of Cambridge [42] Used with permission of Taylor &
Francis [43]
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Superalloy Sessile Drop Experiments
Sessile drop experiments were performed in an attempt to measure the timedependent contact angle of pure nickel and of two nickel-based superalloys, CMSX-4 and
CM 186 (Table 4.1) [43]. Measuring the time-dependent wetting behavior of these alloys
was found to be extremely challenging due to oxidation of the droplets.
Preliminary sessile drop tests were performed in the high temperature furnace
described in Chapter 3 under vacuum (0.33Pa) using the -325 mesh (≤44 μm) alumina
substrates. As CM 186 has a higher concentration of hafnium than CMSX-4, it was
expected that the CM 186 droplets would oxidize more readily than CMSX-4 droplets, but
both metal droplets were found to have significantly oxidized before melting, resulting in
an oxide sack covering the droplet which restricted the droplets ability to change from the
initial cube shape to the final spherical shape, Figure 4.2. The two droplets shown in Figure
4.2 were initially (a) a cube of CMSX-4 and (b) a disc of CM 186. After attempts to reduce
the vacuum pressure and the pO2 in the chamber by removing leaks around the
thermocouple pass-through and viewport were unsuccessful, with the droplets continuing
to oxidize, the furnace was adapted to operate under flowing inert gas. Sessile drop
experiments with standard purity argon (99.5%) resulted in oxidized samples. Hydrogen
(5%) was added to the argon to act as a gettering gas, but the superalloy samples again
oxidized, demonstrating that the hydrogen gas was insufficient as a gettering material for
oxygen and could not reduce the pO2 to a level low enough to prevent oxidation. In order
to reduce the pO2 as much as possible, high purity argon (99.99%), a gettering furnace with
titanium turnings at 800 °C, and H2O molecular sieves were added the flowing gas system.
The molecular sieves will reduce the amount of water vapor in the argon gas, lowering the
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equilibrium amount of gaseous oxidation in the furnace. Further sessile drop tests with
CMSX-4, the alloy with lower hafnium content, continued to produce oxidized metal
droplets, suggesting that these alloys may be too oxidation prone to properly measure the
contact angle with the current wetting furnace. It is plausible that the lack of wetting data
for third generation superalloys in the literature can be attributed to the high propensity for
oxidation, and the difficulty performing sessile drop tests.

Table 4.1 Nominal alloy compositions for CMSX-4 and CM 186 LC [44]
Alloy

C

B

CMSX-4

-

-

Al

Alloy Composition (wt %)
Co
Cr
Hf
Mo
Ni

Re

Ta

Ti

W

5.6

9.6

6.5

0.1

0.6

Bal

3

6.5

1

6.4

CM 186 LC 0.07 0.02 5.7

9.3

6

1.4

0.5

Bal

3

3.4

0.7

8.4

Zr
0.01

Figure 4.2 Oxidized sessile drop samples (a) CMSX-4 on -325 mesh (≤44 μm) alumina
substrate (b) CM-186 on -325 mesh (≤44 μm) alumina substrate
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EDS was performed on an oxidized CMSX-4 droplet to determine which oxides
are forming on the surface of the metal droplets. The droplet was mounted in epoxy and a
curved surface was scored with a grinding wheel, revealing the bulk metal beneath the
oxide, while leaving a ring of the oxide exposed, Figure 4.3. The oxide and the bulk metal
were examined using a FEI XL-40 EDS system. The bulk metal showed many of the major
constituents of CMSX-4, such as Ni, Al, Ti, W, and Cr, but did not show a hafnium peak.
The oxide showed the same elements, with the addition of the hafnium peaks. This suggests
that hafnium, along with the more reactive elements in CMSX-4, are reacting with the trace
amount of oxygen in the furnace to form a oxide sack around the droplets. Despite the
reduction in pO2 from the gettering furnace and H2O molecular sieves, this oxide sack is
thick enough to prevent measurement of the contact angle. Due to the inability to prevent
the formation of an oxide on the droplets, sessile drop tests were performed using pure
nickel instead of nickel-based superalloys.

Figure 4.3 Surface of oxidized CMSX-4 droplet showing the exposed bulk metal and the
oxide ring
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(a)

(b)

Figure 4.4 EDS plots of (a) the bulk metal with no hafnium peak (b) the oxide showing a
hafnium peak

Nickel Sessile Drop Experiments
4.3.1

Substrate Roughness
Ceramic substrates of varying surface roughness were used in the wetting

experiments to study the effects of surface roughness on the measured contact angle. The
smoothest substrate was a high purity, sintered alumina disc, AD-998, from CoorsTek,
Golden, CO. The other two substrates were made from slurries composed of alumina flour
and LUDOX colloidal silica. The alumina flours were described as -325 (≤44 μm) and 100325 mesh (44-150 μm), but the exact particle size distributions are unknown. The substrates
were created by layering a face coat of the slurry on the flat surface of a wax cylinder. This
will create a surface with the correct composition and roughness for the sessile drop
experiments. After the face coat was completely dry, successive layers of a second, zircon-
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based slurry and stucco were applied to give the substrates sufficient strength. When the
substrates reached an approximate thickness of 5 mm, they were removed from the wax
cylinders and fired in air at 1500 °C for 2 hours, to sinter the particles and allow any phase
changes to occur before the sessile drop tests.
Optical profilometry with a Zygo NewView 9000 3D Optical Surface Profiler was
used to measure the final surface roughness of the substrates. The surface roughness of the
three substrate types was found to be significantly different, with sintered alumina disc
being the most smooth and the substrates made with 100-325 mesh (44-150 μm) flour the
most rough, and the -325 mesh (≤44 μm) sample lying in the middle, as expected (Table
4.2). Surface profiles and representative line profiles were generated through optical
profilometry.
The 100-325 mesh surface profile and line profile show a surface consisting of large,
individual particles, Figure 4.5 and Figure 4.6. The 100-325 mesh particles should cover a
range of sizes between 44 and 150 µm. Examining the line profile, there does not appear
to be significant deviation in the surface that is not attributable to an individual particle of
that size range. There is some variation at the top of the highest points due to the total
height difference of the surface being too large for the optical profilometer. Based on the
surface map and line profile, small variations in the surface of the wax disc do not appear
to impact the overall surface roughness, as the large particles which make up the ceramic
substrate are larger than any differences on the wax pattern. The -325 mesh substrate
consists of particles which are all smaller than the 100-325 mesh flour, up to a maximum
of 44 μm in diameter. The variation in height for the -325 mesh substrate appears to occur
on a larger length scale than can be attributed to a single particle. Particularly apparent on
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the surface map, high and low spots can be seen that appear to consist of multiple particles.
These high and low spots could indicate that the roughness of the wax pattern is impacting
the roughness of the corresponding substrate and that the surface roughness of the final
substrate is not completely dependent on the particle size. A perfectly flat wax surface
covered in -325 mesh particles could have a smaller measured surface roughness than the
current substrates, but the substrate made with a perfectly flat pattern would not be
representative of an industrial investment casting mold, as the wax patterns will not be
perfectly flat. The sintered (dense) alumina substrate is very flat, with little variation in the
surface, as expected for a sintered ceramic disc. Both the line profile and surface profile
show individual scratches on the surface, including a large W-shaped scratch, which is
deeper than any natural variation in the surface, Figure 4.9 and Figure 4.10. The three lines
profiles are plotted on the same axis in Figure 4.11. The relative difference in surface
roughness can be seen for the 3 different substrates. While the roughness of the wax pattern
appears to impact the roughness of the-325 mesh surface, this surface is still less than the
roughness of the 100-325 mesh substrates, suggesting that the variation in the surface of
the wax pattern can affect the roughness of the mold for smaller particle sizes, but for larger
particles sizes, the roughness of the wax pattern is less important.

Table 4.2 Surface roughness measurements for representative substrates. Sa is the
arithmetical mean height, Sq is the root mean square height, and Sz is the maximum height

Substrate
100-325 Mesh Al2 O3
-325 Mesh Al2 O3
Sintered Al2O3

Sq (μm) Sz (μm)
21.8
27.8
205.1

Sa (μm)

11.9

15.0

106.9

1.1

1.6

26.4
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Figure 4.5 Surface map for 100-325 mesh (44-150 μm) alumina substrate

Figure 4.6 Line profile for 100-325 mesh (44-150 μm) alumina substrate with the average
height shown by the dashed line
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Figure 4.7 Surface map for -325 mesh (≤44 μm) alumina substrate

Figure 4.8 Line profile for -325 mesh (≤44 μm) alumina substrate with the average height
shown by the dashed line
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Figure 4.9 Surface map for sintered Al2O3 substrate

Figure 4.10 Line profile for sintered Al2O3 substrate with the average height shown by the
dashed line
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Figure 4.11 Line profiles for 100-325 mesh substrate, -325 mesh substrate, and sintered
Al2O3 substrate with the average heights shown by the dashed lines

4.3.2

Experimental Procedure
The nickel wetting experiments were performed in a high-temperature inert

atmosphere furnace. The furnace is heated by a cylindrical, tungsten mesh heating element.
The furnace is oriented with the length of the cylindrical hot zone parallel to the ground,
with a 2 inch diameter quartz view port in the end of the furnace, with an unobstructed
view of the entire hot zone. An alumina D-tube was suspended within the hot zone to
provide a flat work surface. The furnace was leveled using the adjustable feet on the frame
to limit gravitational distortion. A ceramic substrate is loaded into the furnace with a ~1
cm3 cube of 99.95% pure nickel placed in the center. The furnace was sealed and evacuated
to a pressure of approximately 0.33 Pa (2.5 mtorr) with a turbo pump backed by a roughing
pump. The furnace was then backfilled with high purity (99.99%) argon flowing through a
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H2O molecular sieve and a gettering furnace containing titanium turnings at 800 °C. The
furnace was then evacuated and backfilled with argon twice more before allowing the argon
to flow through the furnace at an approximate rate of 1 mL/s at 1 atm pressure. The furnace
was then heated to 1525 °C with a representative heating plot shown in Figure 4.12. The
samples were held at temperature for between 20 and 30 minutes and a NIKON D3300
DLSR camera was used to image the molten droplet. The furnace and camera can be seen
in Figure 4.13. Images were taken at 30-second intervals for the first 5 minutes, 45-second
intervals for the next 5 minutes, and 60-second intervals for the remaining time at
temperature. A representative, unedited image is shown in Figure 4.14. The furnace
maintained the temperature of 1525 °C within ±3 °C. The furnace was then turned off and
the samples allowed to furnace cool. The nickel droplets remained bright and reflective
throughout the entire experiment, suggesting there was limited oxidation of the droplet.
After the samples were cool, they were removed from the furnace and examined. The nickel
droplets remain clear and shiny with no obvious oxidation during cooling. There were no
apparent reaction products on the surface of the ceramic substrates.
The images of the liquid droplet were cropped and the brightness and contrast
adjusted to improve the ability to measure the contact angles, Figure 4.15. Using the angle
measurement tool in ImageJ, the contact angle was measured three times on each side of
the droplet and averaged to correct for any tilt of the substrate.
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Figure 4.12 Representative furnace temperature profile for sessile drop experiments. The
furnace was held at 1525 °C ±3 °C.

Figure 4.13 High-temperature wetting furnace including NIKON D3300 DSLR
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Figure 4.14 Representative, unedited image of pure nickel sessile drop. The thermocouple
can be seen above the sessile drop.

Figure 4.15 Pure nickel sessile drop image which has been cropped, straightened, and the
brightness and contrast adjusted with ImageJ. The reflection of the mesh heating elements ,
viewing window, and thermocouple can be seen in the mirror surface of the droplet.
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4.3.3

Results and Discussion
Sessile drop experiments were performed using high purity nickel and the three

alumina substrates described above. Two experiments were performed for each type of
substrate, for a total of six experiments. The contact angles are plotted as a function of time
in Figure 4.17. There is no apparent time dependence for these experiments. The sintered
alumina substrates (smoothest) show the lowest contact angle, 124° and 125°, the 100-325
mesh (44-150 μm) substrates (roughest) show the highest contact angle at approximately
143° and 145°, and the -325 mesh (≤44 μm) substrates lie in between, with a contact angle
of approximately 130° and 130°. These differences in contact angle is consistent with the
change in substrate surface roughness. The nickel droplets remain bright and clear after
being removed from the furnace, Figure 4.16.
Using the statistical analysis program SAS, the 95% prediction interval, the interval
in which there is a 95% chance that additional measurements will be contained, has been
added to the sessile drop data plot in Figure 4.17. For each substrate type, the 95% intervals
envelope each other. All three substrate types appear to show good agreement within a
substrate type, showing that the nickel on alumina substrates are repeatable for each of the
different substrate roughnesses.
A Gage R&R study was performed to determine the variability of the sessile drop
measurements. The average total variability for the data sets was 3.5°, similar to other
reported sessile drop experiments, which have an accuracy of no better than ±2-3° [18],
[31], [44].
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Figure 4.16 Nickel droplet on -325 mesh alumina substrate. The droplet remains bright
after being removed from the furnace.

Figure 4.17 Time-dependent wetting data for nickel on alumina substrates of three different
roughnesses. Experiments on each of the substrates was repeated.
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100-325 Mesh Alumina

-325 Mesh Alumina

Sintered Alumina

Figure 4.18 Time-dependent wetting data for nickel on alumina substrates of three different
roughnesses. Each of the substrates was repeated. The dots represent the individual data
points and the dashed lines represent the 95% prediction intervals.

In order to determine if there is a statistically significant difference between the two
data sets for each substrate type, the statistical analysis program SAS was used to perform
an Analysis of Variance (ANOVA) test. This analysis will compare the mean value of each
data set and using the error in the data, determine if there is or is not a statistically
significant difference between the mean values. The p-values for the dataset comparisons
are shown Table 4.3. For a p-value greater than 0.05, the difference in the data sets being
compared is not considered to be statistically significant.
Based on this analysis, only the difference in the two -325 mesh experiments can
be considered to be not significantly different. While the difference between the two
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sintered alumina and two 100-325 mesh experiments is statically significant, that does not
mean that they are practically different. The difference between the two 100-325 mesh
samples is 1.8° and the difference between the two sintered alumina samples is 1.1°. These
differences are not practically different, as this is less than the variability in the
measurement technique. As both differences are less than 3.5°, the statistical significant
differences can be attributed to slight differences in the roughness of the specific substrates
tested, the purity of the nickel droplet used, the pO2 in the furnace, or the intrinsic error in
the measurement technique.

Table 4.3 Results of the ANOVA comparison between the mean values for each sessile
drop test. For a p-value greater than 0.05, highlighted in green, there is no statistically
significant difference in the mean values. For an estimated difference of less than ±3.5°,
highlighted in yellow, there is no practical difference in the mean values.
Run 1

Run 2

-325 Run 1

-325 Run 2

-325 Run 1

Difference (°) p Value
0.41

0.1123

100-325 Run 1

-12.90

<.0001

-325 Run 1

100-325 Run 2

-14.68

<.0001

-325 Run 1
-325 Run 1
-325 Run 2

Sintered Run 1
Sintered Run 2
100-325 Run 1

5.37
6.42
-13.31

<.0001
<.0001
<.0001

-325 Run 2

100-325 Run 2

-15.09

<.0001

-325 Run 2

Sintered Run 1

4.96

<.0001

-325 Run 2
100-325 Run 1
100-325 Run 1
100-325 Run 1
100-325 Run 2
100-325 Run 2
Sintered Run 1

Sintered Run 2
100-325 Run 2
Sintered Run 1
Sintered Run 2
Sintered Run 1
Sintered Run 2
Sintered Run 2

6.01
-1.78
18.27
19.32
20.06
21.10
1.05

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0001
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Using SAS, a linear regression was fit to each of the datasets. The slopes and 95%
confidence interval of each dataset are shown in Table 4.4. The p-values for the sintered
experiments are greater than 0.05, indicating that the contact angle is not statistically
dependent on time. While there is a small slope in the -325 mesh and 100-325 mesh datasets,
the mean value for all data sets will change by less than 3.5° over the course of a 30 minute
experiment. This is not a significant change in contact angle over time, as the variation is
less than the typical accuracy of contact angle measurements. The small change in contact
angle over time, along with the droplets remaining visually bright throughout the
experiment, confirm that liquid nickel and alumina is a nonreactive couple.
The contact angle measured for the -325 mesh Al2O3 substrates is in good
agreement with other contact angle measurements found in the literature for Ni on alumina
substrates. Humenik et al. reports a contact angle of 128° [34], Kingery reports 130.0° [45],
and Chidambaram et al. reports 128° [46]. It should be noted that these references do not
include surface roughness measurements for the substrates or purity of the nickel and
alumina used, making direct comparisons difficult.
Sessile drop experiments performed by Hilden also found that decreasing surface
roughness with a face coat of finer particles reduced the effective contact angle [38]. Hilden
performed sessile drop experiments with IN718 on -325 and -600 mesh alumina substrates
in a vacuum furnace. The effective contact angle decreased from 143° to 113° as the surface
roughness decreased. The contact angle was measured within 6 seconds of melting, so
chemical reactions should not significantly alter the measured angles.
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Table 4.4 Linear regressions for the sessile drop data. For p-values greater than 0.05, the
calculated slopes are not statistically significant.
Slope (°/min)

Run
100-325
-325
Sintered

4.3.4

95% Interval (°/min)
0.034
0.098

Δy over 30 min (°)
p Value
0.0002
1.978

1

0.066

2

0.050

0.003

0.097

0.0367

1.512

1

-0.064

-0.117

-0.012

0.0180

-1.931

2
1
2

-0.045
-0.018
-0.005

-0.087
-0.040
-0.042

-0.003
0.004
0.031

0.0371
0.1102
0.7629

-1.351
-0.536
-0.165

Conclusions and Future Work
These sessile drop experiments show that altering the surface roughness will affect

the measured contact angle. By increasing the roughness of the substrate from 1.1 μm to
11.9 μm, the effective contact angle of pure nickel on alumina substrates was increased by
approximately 5° and increasing the roughness from 11.9 μm to 21.9 μm, the effective
contact angle was increased by approximately 15°. A change in effective contact angle of
this magnitude is nontrivial and can significantly alter the ability to fill fine features. The
change in the contact angle over time was found to not be statistically significant, indicating
that there is no reaction between the liquid nickel and the alumina substrates.
The time-dependence of single-crystal nickel-based superalloys remains unknown.
As single-crystal superalloys remain liquid and in contact with the mold for up to an hour
before solidifying, it is important to investigate the possible reactions. The highly reactive
elements, specifically hafnium, require an extremely low oxygen pressure to prevent
oxidation. By continuing to reduce the pO2 in the wetting furnace, the ability to measure
contact angles of reactive alloys can be achieved. Improving the vacuum pressure in the
furnace may achieve a low enough pO2 to prevent oxidation, but the low vapor pressure of
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some elements, specifically chromium [47], could lead to excessive evaporation, which
could cause issues such as significant compositional changes within the liquid metal or
deposition of the gaseous metal on the substrate or view port. Additionally, the vacuum
pressure required to prevent oxidation of hafnium, as well as aluminum, titanium, and
chromium, is lower than the pressure used in typical casting operations, potentially limiting
the effectiveness of the contact angle measurements [48]. Lowering the pO2 through
flowing inert gas may also be possible through the use of even higher purity argon and a
second magnesium-based gettering furnace. As with decreasing vacuum pressure, the
furnace conditions with extremely high purity inert gases are not typical in industrial
casting furnaces, potentially limiting the usefulness of the sessile drop data.
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5. SQUARE CORNER PENETRATION EXPERIMENTS

Introduction
A novel method for measuring the effects of head height on the filling of a sharp
corner has been developed. Typically, efforts to measure the effects of head height require
multiple experiments utilizing varying head heights, which can be expensive in terms of
time and materials. By creating a vertical, rectangular mold with sharp corners, cross
sections of the casting can be taken at several head heights in a single casting, resulting in
the ability to measure a range of corner penetration for a single casting. Additionally, this
mold design will allow all four sharp corners of the cross section to be measured at each
head height and averaged, to correct for any tilt in the mold or the furnace during casting
and provide a more accurate measurement of corner filling.

Figure 5.1 Schematic of the corner penetration experiment. Near the top of the casting, it
is expected that the sharp corner will be filled less completely than the sharp corner near
the bottom of the casting.
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Experimental Procedure
To create the molds, blocks of a commercial carving wax (Ferris File-A-Wax, Avon,
Ohio) were cut into 1.5 cm x 1.5 cm x 10 cm pieces. This will allow a portion of the wax
bar to be dipped in a slurry mixture to make the mold, while allowing the other end of the
wax bar to be held during the dipping process. The surfaces of the wax blocks were ground
flat using 1200 grit sandpaper to remove saw marks and sharpen the corners. The wax
blocks were dipped in a slurry made from -325 mesh (≤44 μm) alumina flour and LUDOX
colloidal silica. The face coat was allowed to dry for 24 hours and a second layer of the 325 mesh alumina slurry was added and allowed to dry. Once both face coats were dry,
successive layers of a second, zircon-based slurry and stucco system was applied to the
face coat until the molds were approximately 5 mm thick, Figure 5.2. The portion of the
wax blocks not encased in the mold was mechanically removed, and remaining wax was
melted and removed from the ceramic molds. The molds were fired at 1500 °C for 2 hours,
Figure 5.3. The internal dimension of the final molds were 1.5 cm x 1.5 cm x 4 cm in order
to fit within the hot zone of the high temperature vacuum furnace.
High purity nickel cylindrical rod (99.95%) was cut to an appropriate length, such
that the mold will be completely full when the rod melts, and the rod placed within the
mold. The mold was then placed within an alumina crucible to act as a secondary
containment unit for the liquid metal, should the mold break. This assembly was placed
into the hot zone of the furnace described in Chapters 3 and 4, which was reconfigured to
have the length of the cylindrical hot zone oriented in the vertical axis, such that the top of
the mold can be viewed from the top view port to confirm the nickel rod is fully molten.
The furnace was sealed and evacuated to a pressure of approximately 0.33 Pa (2.5 mtorr).
The furnace was then backfilled with high purity (99.99%) argon flowing through a H2O
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molecular sieve and a gettering furnace containing titanium turnings at 800 °C. The furnace
was then evacuated and backfilled with argon twice more before allowing the argon to flow
through the furnace at an approximate rate of 1 mL/s. The furnace was then heated to
1525 °C at a rate of 50 °C/min. The sample was held at temperature for approximately 30
minutes to allow the nickel rod to become fully molten. The furnace was then turned off
and the sample was allowed to furnace cool. The samples were removed from the furnace
and the ceramic mold removed from the exterior of the casting. The upper dome and
corners of the nickel castings were shiny and free from oxidation, Figure 5.4.

Figure 5.2 Wax patterns with ceramic molds on the end.
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Figure 5.3 Ceramic molds after removing wax patterns and firing. A crack can be seen on
the wall of (b) but as the surface finish of the flat walls of the castings are not of importance;
the mold can be used.

(a)

(b)

Figure 5.4 Final nickel casting. The casting is clean and free of oxidation where not in
contact with the mold wall. Large pores can be seen on the face and right corner of (b)
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Results
5.3.1

Wax Patterns and Ceramic Molds
Four wax patterns and four empty molds were set aside in order to compare the

corner sharpness between the wax patterns, ceramic molds, and nickel castings. The molds
were mounted in epoxy and both the wax patterns and the molds were cross sectioned in
four places and polished using 5 μm alumina. The Radius of Curvature and Height from
the Corner of the four corners on each cross section were measured in ImageJ using the
techniques described in Chapter 3.
The corners of the wax patterns and the ceramic molds were very similar in shape,
as seen in Figure 5.5. For the samples tested, the mean value of the radius of curvature of
the ceramic molds was sharper than that of the wax patterns, Table 5.1. However, there is
substantial overlap in the distribution of data, as illustrated by the standard deviation for
the radii of curvature. It is possible that the corners of the wax pattern were unintentionally
rounded during the cross sectioning and polishing. The standard deviation in the corners of
the wax patterns is higher, which supports the idea that the wax corners were being rounded
during polishing.

Table 5.1 Radius of Curvature and Distance from the Corner for 4 wax patterns and ceramic
molds. The average value and one standard deviation are shown.

Wax Patterns

Average

Radius of Curvature (μm) Distance to Corner (μm)
180.9
31.4

Std Dev

95.2

14.3

Ceramic Molds Average

166.1

27.2

Std Dev

73.7

10.9
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(a)

(b)

Figure 5.5 Representative pictures of the cross section of (a) wax pattern and (b) ceramic
mold. The red lines were added to approximate a “perfect” corner and were used to measure
the Height from the Corner.

5.3.2

Nickel Castings
The nickel castings remained shiny and oxidation free throughout the experiment.

Initial qualitative inspection of the castings show that the corners become sharper as the
head height increased. The casting was cross sectioned in four places perpendicular to the
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vertical axis and below the height of the dome with a slow-speed diamond saw to reduce
the kerf loss. The top and bottom of each section was metallographically prepared, resulting
in samples at a total of 8 different head heights from 10 to 21 mm.
5.3.3

Casting Solidification Pattern
The cross sections of the nickel casting show that the corners are concave and

uneven, not the expected convex shape, (compare Figure 5.1 to Figure 5.6). There is no
noticeable pipe in the dome, meaning it solidified early and was not feeding the
solidification shrinkage to the bulk value below. There are two large pores, the smaller
located on one of the corners, and the larger located in the middle of one flat vertical wall.
This pore placement suggests that the sides and vertical corners of the mold were among
the last places to freeze and fed the solidification shrinkage elsewhere. These features show
that the castings are not solidifying as expected.
It is typically expected that the corner of a casting is the first place to freeze. The
liquid metal in a corner will be in contact with two different mold walls, both of which are
able to conduct heat away from the melt, decreasing the temperature more quickly than the
liquid near to a single mold wall. This is not true in the nickel castings in these experiments,
as the corners were not expected to, and did not, fill completely. As the melt is not in
contact with the walls in the vertical corners, heat transfer away from the melt near the
corners relies on very weak convection in the argon gas and a radiation exchange with the
mold. These modes of heat transfer are less effective at removing heat from the liquid metal
than direct contact conduction, slowing solidification near the corner. The concave shape
of the corners suggests that feeding during solidification not only comes from the bulk as
indicated by the large internal pores, but also from the corners. The corners appear to not
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preserve the expected convex shape (due to the nonwetting nature of the solid-liquid
contact), but have a concave shape, suggests shrinkage and a withdrawal of the surface for
the corner.

(a)

(b)

(c)

(d)

Figure 5.6 Four representative cross sections of the nickel casting. (a-c) show uneven and
concave corners, while (d) shows the expected convex corner.

A proposed solidification pattern to explain the observed shapes in the corner is
shown in Figure 5.7. Initially, the liquid in contact with the wall froze first, as heat was
extracted by the mold walls, with the metal interface in the corner remaining liquid, shown
in red. The two gas-metal-mold triple points should freeze in place, shown as blue dots,
before there is significant shrinkage. Under the assumption that these two points were
immediately frozen, these points can be used for later measurements as representative of
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the liquid interface. As the solidification front moves away from the wall and towards the
center of the casting, it will loop towards the still liquid corner. The liquid interface in the
corner will withdraw toward the center due to shrinkage inside the casting, until the entire
casting is frozen or until the two solidification fronts meet, with the final corner shape
shown in green. This shape is the uneven, concave corner profile seen in the casting cross
sections, Figure 5.6.

Figure 5.7 Schematic of the proposed solidification path. The initial liquid surface is
shown in red with the final, solid surface shown in green.
5.3.3.1 Corner Measurement Technique
As the corners are concave, unlike previous experiments, the corner profile
measurement techniques had to be altered. Based on the discussion above, it is assumed
that the points at which the final, solidified corner profiles deviate from the mold wall are
the initial triple points before the liquid begins to solidify. Measurements can be taken from
these points, under the assumption that they represent the initial liquid surface position
despite the final, irregular solid profile. Two measurements were taken; the distance
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between the two final points, denoted as the “Width”, and an average of the distance
between each point and the “perfect corner” described in Chapter 4, denoted as the “Side
Length.” A representation of these measurements can be seen in Figure 5.8.

Figure 5.8 Distances measured for the nickel castings, as the unexpected corner shape does
not show the convex curvature.

5.3.4

Corner Measurements
The Width and Side Length were plotted as a function of head height in Figure 5.9.

Both curves follow a power law curve with exponents of slightly more than -2 and a high
R2 value, despite the variation in the final solid shape of the corners, Table 5.2. For each
of the head heights measured, the Width is greater than the Side Length.
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Figure 5.9 Results of the measurement of the side length and width of the casting corners
as a function of head height.
Table 5.2 Power law fit for the Width and Side Length of the nickel casting.

Regression
Width

y=366.58x-2.026

Side Length y=242.7x-2.015

Exponent

R2

-2.026

0.9485

-2.015

0.9516

Discussion
The analytical model described in Chapter 3 was used to predict the corner filling as
a function of head height. Using Equation 3.2, the Radius of Curvature can be predicted as
a function of applied pressure (proportional to head height). This equation uses both the
true and the effective contact angle. Based on the results of the sessile drop tests described
in Chapter 4, the effective contact angle was set at 131°, the average value for substrates
made from the same material. Assuming the effective contact angle will approach the true
contact angle as the surface roughness decreases, the true contact angle was set at 120°.
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The least rough surface tested had an effective contact angle of 125°, so the true contact
angle can be assumed to be a few degrees less than the effective contact angle. The surface
tension was set at 1.7 N/m and the density at 7.86 g/cm3 [49]. The Radius of Curvature as
a function of head height is plotted in Figure 5.10. The data fits a power law curve with an
exponent of -1.
In order to compare the castings to the predictions from the analytical model, the
Radius of Curvature before solidification shrinkage altered the surface, must be estimated
for the uneven casting corners. A simple analytical function is suggested, fitting a circle to
the sharp corner to estimate the Radius of Curvature based on the contact angle, as-cast
corner width, and the mold corner geometry, as seen in Figure 5.11:
𝑅𝐿 =

𝑊/2
sin(𝜃 − 90° − 𝛼)

(5.1)

The estimated radius values are plotted against the predicted radius values in Figure
5.10. Both curves fit power law curves well, although they have difference exponents,
Table 5.3. Similar to the results from the analytical model and the validation experiments,
it appears the 2D analytical model described in Chapter 3 can closely predict the ability to
fill a sharp corner. The difference between the exponents of the two curves could indicate
that, while the analytical model can accurately describe the ability to fill a fine feature, it
does not fully account for the second radii of curvature associated with the liquid surface
in contact with the 3D roughness of a real surface.
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Figure 5.10 Radius of Curvature vs Head Height comparison between the 2D analytical
model and the solution for a circle fit to a V-shaped corner.

Figure 5.11 Schematic of fitting a circle within a V-shaped corner based on the contact
angle
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Table 5.3 Power law regressions comparing the 2D analytical model and the fit circle
approximation

Regression
Analytical Model y=229.46x-1
Fit Circle

y=2627.6x-2.026

Exponent

R2

-1

1

-2.026

0.9485

Conclusions and Future Work
Pure nickel was cast to examine the change in profile in a 90° corner as a function
of head height. The casting resulted in the corners becoming concave and uneven. The radii
of curvature for the corners were estimated using an analytical solution for a circle fit to a
triangle based on the contact angle and the available corner geometries. The estimated
Radii of Curvature was measured as a function of head height. The Radius of Curvature
was found to decrease with increasing head height, following a power law curve. Using the
analytical model described in Chapter 3 and the measured head heights, the Radius of
Curvature can be predicted. The predicted curve falls near the estimated curve and also fits
a power law curve, but with a smaller exponential dependence. The difference in
exponential dependence can be attributed to the inability of the analytical model to account
for 3D surface roughness.
The concave profiles of the corners signifies that steps must be taken to alter the
solidification behavior. Thermal insulation could be added to the top of the crucible,
preventing the dome from freezing as quickly and reducing the shrinkage in the corners. A
directionally solidified casting, either with a heat sink at the bottom of the mold or a
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Bridgman type furnace, would allow the shrinkage to be limited to the top of the casting
and not in the corners. This configuration will preserve the corners of the casting and allow
the direct measurement of the Radius of Curvature in the corners. Additionally, the mold
for this model experiment could be made from particles of different sizes and chemistry
for each of the 4 corners, allowing the direct measurement of the impact of surface
roughness and mold chemistry on the ability to fill a sharp corner.
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6. CASTING FINE FEATURES IN SUPERALLOYS

Introduction
A novel casting shape has been designed to test the ability to fill the corners in fine
features of varying geometries for a range of head heights. This casting design, referred to
as the coupon, will test the ability to fill as a function of head height, feature size, and
corner half-angle. The casting has been designed for use with the investment casting
process using features in the size range of typical turbine blade components. The features
designed for this casting are repeated over the length of the casting. A wax pattern, an
empty ceramic mold, and as-cast metal part were sectioned and measured.

Design
The casting has four repeating sections, each with two types of features, a series of
square pillars and a series of star-shaped pillars, Figure 6.1. The ability to fill the sharp
corners of these features will be measured as a function of head height. There are five
different sizes of square pillars, designed to test two behaviors, the ability to penetrate into
small features and how to fill the corners of these features. The five different sizes of square
pillar have side lengths of 1.27 mm, 1.02 mm, 0.76 mm, 0.51 mm, and 0.25 mm and are
0.43 mm deep. Based on the Young-Laplace solution for a right cylinder, Figure 2.4, the
largest square pillars are expected to fill at every height in the casting. The largest square
pillars are also large enough to allow for cross-sectioning and corner measurements. The
smallest square pillars were designed such that they should only begin filling near the
center of the casting, based on the head height. By determining the height at which the
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pillars begin to fill, the efficacy of using the Young-Laplace approximation for a right
cylinder to predict the filling of a square channel can be determined.
There are two distinct star-shaped pillars. Both of the stars have 5 points, each point
with a different corner half-angle, α. The stars are approximately 1.5 mm is width, not
including the corners. The star pillars are bigger than any size of the square pillars, as the
stars are expected to fill over the entire range of head heights. Their function is to measure
corner filling as a function of head height and corner angle. The square pillars are limited
to corner angles of 90°, so the star pillars will allow for the testing of more than a single
corner geometry. The first star has corners of 45°, 55°, 65°, 75°, and 85° and the second
star has corners of 50°, 60°, 70°, 80°, and 90°, respectively.
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1.02 mm

0.76 mm

1.27 mm

75°

85°

0.51 mm

65°

0.25 mm

70°

80°

60°

1.5 mm

90°

55°

45°

50°

Figure 6.1 Schematic of the coupon design. The full coupon is shown on the left, with the
individual pillar shapes shown on the right.
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Filling Predictions
6.3.1

Square Pillar Penetration
The side lengths of the square pillars were selected such that the smaller square

pillars should not fill near the top of the casting. This configuration will test the ability to
fill the mold cavities of fine features as a function of head height. Using the Young-Laplace
solution for a right cylinder with radius R to approximate a rectangular cavity with a side
length of 2R, Figure 6.2 [39], the pressure required to fill the square pillars can be
calculated as:
∆𝑃 =

−2𝛾𝐿𝑉 cos 𝜃𝑒𝑓𝑓
𝑅

(6.1)

The calculated pressure difference (Eq. 6.1) can then be used to estimate the head
height necessary for the square pillars to fill. The calculated head heights at which the
different pillars begin filling are shown in Figure 6.3. Based on these results and an
assumption of 70 mm head height, the smallest pillars, side length of 0.25 mm, will not fill
until the near the center of the casting. Measuring where the mold cavities begin to fill will
determine if the model is under or over predicting the ability to fill the mold cavity. The
second smallest pillars, side length of 0.51 mm, will begin filling near the top of the casting.
The model predicts the remaining three pillar sizes will fill at all heights in the casting. The
material properties of CMSX-4 were used, with surface tension of 1.7 N/m and the contact
angle was assumed to be 115°, due to the lack of available contact angle data [35].

101

Figure 6.2 Top view of the square pillars with side length of 2R with the cylinder of radius
R that was used to approximate the pressure required to fill the square pillars.

Figure 6.3 Calculated head height required to fill square pillars with a side length of d.
Shown are the widths of the five square pillars for the Purdue casting for θ=115°, γL=1.7
N/m, and ρL=7.8 g/cm3. Used with permission from Springer [33]
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6.3.2

Corner Filling in Square Pillars
The analytical model with surface roughness described in Chapter 3 was applied to

the square pillars of various side lengths, Figure 6.1. The model was run using a range of
head heights, with the minimum head height being 70 mm to represent the typical head
height of an industrial casting. It should be noted that the analysis of the corners assumes
that the liquid metal has filled the mold cavity, but may have failed to fill the sharp corners
completely, with the results of the model representing the edges at the top of the metal
pillars, Figure 6.4.
Increasing head height, and so pressure, decreases both the Height from the Corner
and the liquid Radius of Curvature, as shown in Figure 6.5. Both the Height from the
Corner and the Radius of Curvature follow a stepwise function as the liquid moves from
one particle to the next, which is an artifact of the specific mold surface of the analytical
model. For a given row of particles, as Φ approaches 90°, the pressure required to fill will
increase to a maximum, Figure 3.4 (b). This means there are points of low pressure at the
intersection of two rows of particles, when Φ is either high or near 0. These areas of low
pressure will cause the liquid surface to effectively jump from one row of particles to the
next lower, as the liquid surface will be unstable at values of Φ near 90°, causing the
stepwise response. The liquid surface remains at each row of particles for an increasing
range of head heights as the channel width decreases because the pressure required for the
liquid to penetrate further into the channel increases inversely with channel width.
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Figure 6.4 Schematic of the unfilled corners of the square pillars showing where the corner
profiles, RL and HL, are measured.

Figure 6.5 Predicted Height from the Corner, HL, and Radius of Curvature, RL, as a function
of head height for the filling of the largest square pillars. Used with permission from
Springer [33]
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6.3.3

Corner Filling in Star Pillars
As with the square pillars, the liquid metal is expected to fill the star shaped mold

cavities at all heights, but not completely fill the sharp corners. The geometry of the star
pillars requires that the corners be sectioned in an orientation normal to the direction of the
square pillars, as shown in Figure 6.6. Increasing the head height will decrease both the
Height from the Corner and the Radius of Curvature, as shown in Figure 6.7. When
increasing the corner angle, the distance from the liquid to the corner will decrease, with
45° being the furthest from the corner and 90° being the closest to the corner. Alternatively,
the Radius of Curvature will increase with increasing corner angle, with 90° having the
largest Radius of Curvature, while 45° has the smallest Radius of Curvature. Both the
Height from the Corner and the Radius of Curvature follow a similar stepwise function to
the square pillars.
By decreasing the corner half-angle, a specified width will be farther from the
corner, as the channel narrows more quickly. This means a given applied hydrostatic
pressure will force the liquid deeper into channels with wider corner angles. This is
reflected in the results as shown in Figure 6.7, with corners with an angle of 45° are the
furthest from the corner, while corners with an angle of 90° are the closest to completely
filling the corner.
As the corner half-angle (α) decreases, so too does the effective contact angle (θeff).
Decreasing the effective contact angle and the half-angle will in turn decrease the Radius
of Curvature. This is evident in Figure 6.7, with the smallest corner angle (45°) having the
smallest Radius of Curvature and the largest corner angle (90°) having the largest. Unlike
the curves for the Height from the Corner, the curves for the Radius of Curvature overlap
each other. This is due to the reliance of the effective contact angle on Φ, which is
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dependent on where the liquid surface is in contact with the particle (Eq. 3.3). While
increasing the corner angle will allow the liquid to penetrate deeper into a sharp corner, the
Radius of Curvature will decrease.

Figure 6.6 Schematic of the unfilled corners of the star pillars showing where the corner
profiles, RL and HL, are measured.

Figure 6.7 Predicted Height from the Corner, HL, and Radius of Curvature, RL, as a
function of head height for the filling of the different corners of the star pillars. Shown
are four of the corner angles. Used with permission from Springer [33]

106
Procedure
The castings of the test coupon were produced by Tech Castings, LLC in Shirley, IN.
Wax patterns were produced using rapid prototyping, with one pattern set aside for
examination, Figure 6.8. The remaining wax patterns were built into casting trees, which
fill from both the top and bottom. Ceramic molds were formed around the wax trees and
the wax melted and burned out, with one of the empty molds set aside for examination,
Figure 6.9. The remaining molds were fired and preheated to 1100 °C and vacuum cast
with MAR M247, superheated to 1500 °C, a superheat of 130 °C [50]. The castings were
received in the as-cast form, still in the mold and wrapped in the thermal blanket. The
majority of the mold was mechanically removed from the castings at Purdue. The distance
from the top of the casting to the first pillar in order to determine the head height, and thus
the applied pressure on the casting. The coupons were then cut from the casting tree with
a water jet cutter. The coupons were soaked in a 20% NaOH solution for an hour to dissolve
the mold binder and to remove the remaining mold from around the fine features, Figure
6.10. One empty coupon mold was removed from the empty mold tree and mounted in
epoxy to prevent chipping during sectioning. This allowed for the examination and
comparison of a wax pattern, empty mold, and a cast coupon. The repeating sections of the
wax, mold, and casting were cut apart and each repeat section was cut through the center
to separate the star pillars from the square pillars. A total of 52 square pillars were cross
sectioned, each for the wax pattern, mold, and casting, with both sides measured for a total
of 104 corners. A total of 32 star pillars were sectioned for the wax pattern, mold, and
casting, with 5 corners of different half angle for each pillar. The cross section of the square
pillars are shown in Figure 6.4 and the cross section of the star pillars are shown in Figure
6.6.
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Figure 6.8 As-received wax pattern. A full coupon, star pillars, and square pillars are
shown.

Figure 6.9 As-received empty, unfired mold.
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(a)

(b)
Figure 6.10 (a) Superalloy casting after being removed from the mold. (b) A coupon after
being removed from the casting tree with a water jet cutter.
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Results
6.5.1

Square Pillar Filling
The casting was designed such that the smallest square pillars would only begin

filling near the center of the casting, after a critical head height is achieved. Examination
of the castings show an unpredictable filling of the smallest square pillars, with no apparent
correlation to the head height. Further examination of the unfilled mold revealed that not
all of the smallest square pillar cavities were present in the mold. The wax patterns exhibit
the same problem with the smallest features not appearing regularly, Figure 6.11. This
suggests that the method used to produce the wax patterns is not able to consistently create
the smallest square pillars and this is carried through to the molds and castings. As such,
no conclusions can be made with respect to the apparent filling or inability to fill of the
smallest square pillars of the castings, as it is not possible to state that the mold contains
the cavities to be filled. All other square pillars were found to fill.

Figure 6.11 Ceramic molds and wax patterns showing missing, smallest square pillars, as
indicated by the red arrows.
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6.5.2

Qualitative Analysis
Qualitative examination of the features of the wax patterns and ceramic molds do not

show a change in the sharpness of the corners with respect to location in the coupon, as
expected. There is noticeable variation of the surface finish in both the wax patterns and
the ceramic molds, which can be attributed to the wax patterns being produced through
rapid prototyping and not through injection molding. Qualitative examination of the casting
does appear to show that the corners of both the square and star pillars are becoming sharper
and filled more completely as the head height increases, as seen in Figure 6.12 and Figure
6.13.

10.7 cm

14.4 cm

18.2 cm

22.0 cm

Figure 6.12 Qualitative analysis of the ability to fill square and star pillars. Increased head
height appears to fill features more fully. The scale bars are 1 mm long.
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Wax Pattern

Ceramic Mold

MAR M247 Casting

Figure 6.13 Qualitative analysis of the cross sectioned wax pattern, ceramic mold, and
superalloy casting. Increasing head height appears to improve penetration in the casting,
but has no noticeable effect on the corner shape of the wax pattern or ceramic mold. The
scale bars are 1 mm for the star pillars and 0.5 mm for the square pillars.

112
6.5.3

Square Corner Penetration
The repeat sections were ground to reveal the side view of the square pillars and

polished using 2000 grit sandpaper and 5 μm alumina. The low melting point of the wax
prevents it from being mounted in either epoxy or Bakelite. Polishing the wax without
mounting could result in inadvertent rounding of the corner of the square pillars. The mold
and casting sections were mounted in epoxy and ground to expose the square pillars, then
metallographically polished and the corners imaged.
Using SAS, a linear regression was found for both the Radius of Curvature and
Height from the Corner of the wax patterns, molds, and castings. The data, linear regression,
and 95% prediction intervals for the Radius of Curvature and the Height from the Corner
are shown in Figures 6.14-6.19. For both the Radius of Curvature and the Height from the
Corner, the mold has lower mean values than the wax, as shown in Table 6.1. This can be
attributed to the wax becoming rounded during polishing, as seen in the overlap in the
distribution of RL and HL, as well as the corner penetration experiments described in
Chapter 5. The slopes of the linear regressions, the 95% intervals, and the p-values are also
shown in Table 6.1. The p-values for the wax patterns and mold are greater than 0.05 for
both the Radius of Curvature and the Height from the Corner, indicating that there is no
statistically significant dependence of the shape of the corner on the head height. In contrast,
both the Radius of Curvature and Height from the Corner of the casting show a statistically
significant dependence on the head height. This demonstrates that, for a superalloy casting
with a head height and fine features similar to those found in industrial turbine blade
castings, there is a distinct difference in ability to fill a fine feature based on the location
in the casting.
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Figure 6.14 Radius of Curvature vs head height for the square corners of the superalloy
casting showing the data, linear regression, and 95% prediction intervals.

Figure 6.15 Radius of Curvature vs head height for the square corners of the ceramic mold
showing the data, linear regression, and 95% prediction intervals.
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Figure 6.16 Radius of Curvature vs head height for the square corners of the wax pattern
showing the data, linear regression, and 95% prediction intervals.

Figure 6.17 Distance from the Corner vs head height for the square corners of the
superalloy casting showing the data, linear regression, and 95% prediction intervals.
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Figure 6.18 Distance from the Corner vs head height for the square corners of the ceramic
mold showing the data, linear regression, and 95% prediction intervals.

Figure 6.19 Distance from the Corner vs head height for the square corners of the wax
pattern showing the data, linear regression, and 95% prediction intervals.
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Table 6.1 Linear regression, including the slope, 95% prediction interval, and p-value of
the square corner penetration for the casting, mold, and wax.

Distance from Corner
Slope (μm/cm) 95% Interval (μm/cm) Mean (μm) p Value
Casting

-3.62

-4.79

-2.45

Mold

0.50

-0.71

1.71

52.44

0.4149

Wax

0.49

-0.41

1.39

63.14

0.2833

84.70 <.0001

Radius of Curvature
Slope (μm/cm) 95% Interval (μm/cm) Mean (μm) p Value
Casting
Mold
Wax

-10.56

-13.60

-7.53

-0.94
-0.44

-2.95
-3.25

1.08
2.37

186.57 <.0001
96.10
151.08

0.3583
0.7579

The results of the analytical model from Chapter 3 and the square corner penetration
experiments from Chapter 5 suggest that the casting data should follow a power law curve
with respect to the head height. In order to test this fit, the data for the Radius of Curvature
and Height from the Corner were transformed into log-log plots. SAS was used again to
create a linear regression for this transformed data. The transformed data set has a slightly
lower R2 value than the untransformed data, as shown in Table 6.2, meaning the original
data set is a marginally better fit to a linear regression than a power law curve. It is plausible
that the error associated with data from this casting, due to the scatter in the wax patterns,
is masking the true curvature of the data. This theory could be tested by creating wax
patterns with higher quality surface finishes through an injection molding process or using
a rapid prototyping machine with a higher printing resolution.
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Table 6.2 R-squared values for linear regressions (untransformed) and power law curves
(transformed) of the square corner penetration data.

6.5.4

2

Distance from Corner
Untransformed

R

Transformed (log-log)

0.216

Radius of Curvature
Untransformed
Transformed (log-log)

R
0.318
0.280

0.269

2

Star Corner Shape
To obtain cross sections approximately halfway through the star pillars, the wax

patterns were ground from the top down using 800 grit paper to approximately half the
height of the pillars and polished with 2000 grit sandpaper and 5 μm alumina. Again, the
low melting point of the wax prevented it from being mounted and some inadvertent
rounding could have occurred during polishing. The casting and mold were mounted in
epoxy and ground to approximately half of the height of the pillars, then metallographically
polished. The star pillars for the wax pattern, mold, and casting were imaged.
In order to measure the Height from the Corner for the star pillars, red lines were
added to the images along the edge of the star points to represent the “perfect” corner, as
shown in Figure 6.20. The angle of the “perfect” corners was measured to determine if the
corner angles are adhering to the original design. It was found that the measured corner
angles for the wax pattern and casting deviated from the corner angle prescribed by the
CAD model by an average of approximately ±2°, with a maximum deviation of
approximately 5°. Based on this error, it was determined to combined the 10 different
corner angle data sets into 5 data sets: 85°-90°, 75°-80°, 65°-70°, 55°-60°, and 45°-50°.
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Figure 6.20 Representative image of the red lines approximating the “perfect” corner added
to the cross section of a star pillar from the casting.

Using SAS, linear regressions were created for the Radius of Curvature and the
Height from the Corner for the wax pattern, mold, and casting as a function of head height.
The data, linear regression, and 95% prediction intervals for the Radius of Curvature and
the Height from the Corner are shown in Figures 6.21-6.26, respectively. For the sake of
clarity, only the results of the 90°-85°, 70°-65°, and 50°-45° corner data sets are shown.
For each of the corner data sets for the wax pattern and the mold, the p-value for the linear
regression is greater than 0.05, meaning that there is no statistically significant relationship
between head height and corner shape, Table 6.3. Unlike the square pillar corners, the
casting does not show a statistically significant dependence of head height on the star
corner shape, with the exception of the 85°-90° Radius of Curvature. The p-values for the
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other radius measurements are low, but not below the required 0.05 p-value. The Height
from the Corner measurements all have p-values above 0.05.

Table 6.3 Linear regression, including the slope, 95% prediction interval, and p-value of
the star corner penetration for the casting, mold, and wax.

Wax Pattern
Corner
Radius

Slope (μm/cm) 95% Interval (μm/cm)

p-Value

85°-90°

0.008

-0.023

0.038

0.6072

65°-70°
45°-50°
Distance 85°-90°
65°-70°

-0.009
0.015
0.036
-0.028

-0.061
-0.064
-0.017
-0.081

0.044
0.093
0.090
0.025

0.7373
0.7026
0.1762
0.2950

45°-50°

0.026

-0.030

0.081

0.3525

Mold
Corner Slope (μm/cm) 95% Interval (μm/cm)
Radius 85°-90°
0.014 -0.010
0.039
65°-70°
-0.017 -0.054
0.019
45°-50°
0.007 -0.097
0.112
Distance 85°-90°
0.005 -0.038
0.047
65°-70°
-0.017 -0.063
0.030
45°-50°
-0.013 -0.059
0.034

p-Value
0.2447
0.3344
0.8843
0.8176
0.4660
0.5820

Casting
Corner Slope (μm/cm) 95% Interval (μm/cm)
Radius 85°-90°
-0.038 -0.066
-0.010
65°-70°
-0.034 -0.069
0.001
45°-50°
-0.045 -0.092
0.001
Distance 85°-90°
-0.014 -0.044
0.016
65°-70°
-0.015 -0.044
0.013
45°-50°
-0.026 -0.055
0.002

p-Value
0.0098
0.0591
0.0553
0.3496
0.2823
0.0663
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Casting

Figure 6.21 Radius of Curvature vs head height for the star corners of the casting pattern
showing the data, linear regression, and 95% prediction intervals for the 90°-85°, 70°-65°,
and 50°-45° corners.

Mold

Figure 6.22 Radius of Curvature vs head height for the star corners of the mold showing
the data, linear regression, and 95% prediction intervals for the 90°-85°, 70°-65°, and 50°45° corners.
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Wax Pattern

Figure 6.23 Radius of Curvature vs head height for the star corners of the wax pattern
showing the data, linear regression, and 95% prediction intervals for the 90°-85°, 70°-65°,
and 50°-45° corners.
Casting

Figure 6.24 Distance from the Corner vs head height for the star corners of the casting
showing the data, linear regression, and 95% prediction intervals for the 90°-85°, 70°-65°,
and 50°-45° corners.
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Mold

Figure 6.25 Distance from the Corner vs head height for the star corners of the mold
showing the data, linear regression, and 95% prediction intervals for the 90°-85°, 70°-65°,
and 50°-45° corners.

Wax Pattern

Figure 6.26 Distance from the Corner vs head height for the star corners of the wax pattern
showing the data, linear regression, and 95% prediction intervals for the 90°-85°, 70°-65°,
and 50°-45° corners.
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Upon further visual inspection, the mold cavities of the star pillars appear to be
filling incompletely at low head heights, despite the model predicting complete filling,
Figure 6.27. If the shape of the sharp corners varies within an individual pillar, the location
of the cross sectioning will alter the measured corner profiles. Due to the incomplete filling,
there are two radii of curvature that will impact the corner shape and must be considered,
Figure 6.28. In order to determine how large of an impact the second radius of curvature
has on the measured corner profiles, three stars from a low head height portion of a second
cast coupon was serially sectioned and corner profiles measured as a function of location
within the pillar, shown in Figure 6.29.
For each of the 5 corners of all three star pillars, the Height from the Corner
decreases as the Section Height decreases, Figure 6.30, meaning the sharp corners are
filling more completely near the base of the pillars. Increasing the head height applied on
the pillar increased the slope of the curves, resulting in a pillar which is filling more
completely and will have a more consistent corner profile. The Radius of Curvature
measurements show significant scatter through all of the corners and pillars, with no
correlation between the head height and the measured radius, Figure 6.31. This scatter
could be the result of inconsistent corners in the wax pattern or the liquid metal freezing
completely filling the mold cavity. The results of this serial sectioning suggest that the
corner profiles are not predictable within a single pillar or across several pillars, preventing
any quantitative conclusions from being made about the ability to fill the star pillars.
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(a)

(b)

Figure 6.27 Cast star shaped pillars with (a) low head height and (b) high head height. At
low head height the pillar has not fully filled.

Figure 6.28 Schematic of the radius of curvature in the star corners. The expected corner
is on the left, with a single, constant radius of curvature, r. The actual corner is shown on
the right, with r1 as the measured radius and it is dependent on r2. r2 appears to be
dependent on the pressure applied to the specific star pillar. The dashed lines indicate the
positions of the serial sectioning.
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Figure 6.29 Schematic of the serial sectioning of the star pillars. Each pillar was sectioned
as shown by the dashed lines. The location within the pillar is specified by the height from
the base of the casting, designated as the Section Height. The expected corner profiles are
shown on the right.
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Increasing
Head Height

Figure 6.30 Distance from the Corner as a function of Section Height for three star pillars.
Each curve is representative of the side view of a corner on a star pillar. For each of the
pillars, the Distance from the Corner increased with increased Section Height. Increasing
the head height of the pillar increases the slope of the sides, indicating more complete
filling.
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Increasing
Head Height

Figure 6.31 Radius of Curvature as a function of Section Height for three star pillars. For
each of the pillars, there is no apparent relationship between Radius and Section Height.
Increasing the head height of the pillar does not appear to affect the slope of the curve.
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Comparison between Casting and Analytical Model
Using the head heights of the square pillars, the analytical model was used to predict
the Radius of Curvature and Height from the Corner. The analytical model used a contact
angle of 115°, a particle radius of 20 μm, and a corner half-angle of 45°. Comparisons
between the measured corners and the analytical model is show in Figure 6.32. Both
predicted curves fit well when compared to the measured corners, suggesting that the
analytical model is correctly predicting the ability to fill fine features and that the analytical
model has been successfully used to design a casting with features of interest for turbine
blade applications.

Figure 6.32 Head Height vs Distance from the Corner and Head Height vs Radius of
Curvature comparing the analytical model and casting.

Conclusions
The analytical model described in Chapter 3 was used to design a casting with fine
features similar to those found in traditional turbine blades. The features of the coupon vary
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in size and corner angle over a range of head heights. The coupon was created through
investment casting, with the wax pattern being printed and the final casting being made
from MAR M247. A wax pattern, empty mold, and cast coupon were sectioned and
polished and the corner profiles measured. The wax pattern and mold do not show a
dependence on head height, as expected. The corners of the casting square pillars become
sharper as head height increases. The head height dependence is expected to follow a power
law curve, but the variation in the data is too large and a linear relationship is more
statistically significant. The metal did not fill the star pillar mold cavities completely,
resulting in uneven corners which could not be accurately measured. The head heights from
the square pillars was compared to the measured corners and was found to be a good fit,
albeit with significant scatter in the experimental results, indicating the analytical model
can be used as a starting spot for designing fine features and as a first-order approximation
of filling for features similar to those found in turbine blades.
This casting was designed assuming a single-crystal or directionally-solidified
casting. There are significant differences between polycrystalline and single-crystal casting
processes which could impact the final castings. Conventional castings use a mold which
is preheated to less than the liquidus temperature and the liquid metal will begin to solidify
as soon as it comes in contact with the mold, while the mold in a single-crystal casting is
preheated to above the liquidus temperature and the metal will remain liquid for as much
as an hour before solidifying. This additional time in contact with the mold wall could
allow reactions between the liquid and the mold to occur, altering the contact angle. This
additional time would also allow the liquid to completely fill the mold cavities and fill the
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sharp corners as much as possible before freezing. It also may provide sufficient time to
develop a persistent oxide skin.
While the filling dependence on head height can be seen in the rapidly solidifying
conventional casting, there is a large amount of scatter in the data. Repeating this
experiment with single-crystal casting conditions, similar to those found in industrial
turbine blade casting, could help reduce the error by allowing the liquid metal sufficient
time to fill the mold cavities and for allow reactions between the liquid and the mold to
occur. These results would be more directly related to the phenomena of the turbine blade
casting process and can help produce higher quality castings.
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7. CONCLUSIONS AND FUTURE WORK

A 2D analytical model was developed to predict the ability to fill a rough, V-shaped
channel with a nonwetting liquid. The model can predict the ability to fill based on the
contact angle, applied pressure, particle radius, and corner angle. Small scale experiments
were used to validate the predictions and the model was found to accurately predict the
ability to fill fine features. A separate 3D modeling program, Surface Evolver, was used to
confirm that the 2D analytical model can still be applied to a features with 3D surface
roughness.
Using sessile drop experiments, nickel droplets on alumina substrates with varying
roughness were found to have statistically significantly different contact angles. The
measured contact angles were repeatable for all surface roughnesses. Surfaces which are
more rough result in a higher effective contact angle. The nickel-alumina system was found
to be nonreactive and the contact angle remained constant over time. The contact angle of
more complicated nickel alloys, such as nickel-based superalloys remains unknown. The
droplets will catastrophically oxidize at relatively low oxygen partial pressures, requiring
tight control on the atmosphere in future experiments. In the current study, a significant
time (15 min) elapsed heating and melting before measurements were taken. It is not known
how long it takes for a significant oxide skin to form, but the current experiments allow
enough time for if to develop. If the oxygen partial pressure can be lowered enough to
prevent oxidation, the time-dependent wetting behavior of nickel based superalloys can be
measured.
A pure nickel casting was created to examine the change in the corner surface
profile as a function of head height. The solidification of the casting resulted in the corners
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becoming concave and uneven. The Radius of Curvature was found to decrease with
increasing head height, following a power law curve. The predicted curve falls near the
estimated curve and also fits a power law curve, but with a smaller exponential dependence.
The concave profiles of the corners signifies that steps must be taken to alter the
solidification of the casting. A directionally solidified casting would allow the shrinkage
to be limited to the dome of the casting and not in the corners. This will preserve the corners
of the casting and allow the direct measurement of the Radius of Curvature in the corners.
Using the analytical model described in Chapter 3, a test casting with fine features
similar to those found in traditional turbine blades was designed. The corners of a wax
pattern, empty mold, and cast coupon were compared. The wax pattern and mold do not
show a dependence on head height, as expected, while the corners of the square pillars
become sharper as head height increases. The model predictions for the cast square pillars
were compared to the measured corners and was found to be a good fit, indicating the
analytical model can be used as a starting spot for designing molds with fine features. There
are several improvements which can be made to the coupon design. The smallest square
pillars were found to not be produced reliably and could be fixed by increasing the size of
the pillars, using a printer with smaller resolution, or creating the wax pattern using
injection molding. The star patterns did not fill consistently, making measurements difficult.
The star pillars could be made taller such that, near the surface of the casting, the stars will
completely fill and the accurate measurements can be taken. Additionally, this casting was
polycrystalline, which could limit the ability to fill a fine feature as the liquid will freeze
upon coming in contact with the colder mold. A single-crystal or directionally-solidified
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casting may allow more complete filling of the fine features before solidification and
reduce the scatter in the data.
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